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1.1 
Introduction 

The oxidative functionalization of olefins is of major importance for both organic 
synthesis and the industrial production of bulk and fine chemicals [1]. Among the 
different oxidation products of olefins, 1,2-diols are used in a wide variety of applica- 
tions. Ethylene- and propylene-glycol are produced on a multi-million ton scale per 
annum, due to their importance as polyester monomers and anti-freeze agents [2]. 
A number of 1,2-diols such as 2,3-dimethyl-2,3-butanediol, 1,2-octanediol, 1,2-hexa- 
nediol, 1,2-pentanediol, 1,2- and 2,3-butanediol are of interest in the fine chemical 
industry. In addition, chiral 1,2-diols are employed as intermediates for pharmaceuti- 
cals and agrochemicals. At present 1,2-diols are manufactured industrially by a two 
step sequence consisting of epoxidation of an olefin with a hydroperoxide or a pera- 
cid followed by hydrolysis of the resulting epoxide [3]. Compared with this process 
the dihydroxylation of C=C double bonds constitutes a more atom-efficient and 
shorter route to 1,2-diols. In general the dihydroxylation of olefins is catalyzed by os- 
mium, ruthenium or manganese oxo species. The osmium-catalyzed variant is the 
most reliable and efficient method for the synthesis of cis-l,2-diols [4]. Using os- 
mium in catalytic amounts together with a secondary oxidant in stoichiometric 
amounts various olefins, including mono-, di-, and trisubstituted unfunctionalized, 
as well as many functionalized olefins, can be converted into the corresponding 
diols. Os0 4 as an electrophilic reagent reacts only slowly with electron-deficient ole- 
fins, and therefore higher amounts of catalyst and ligand are necessary in these 
cases. Recent studies have revealed that these substrates react much more efficiently 
when the pH of the reaction medium is maintained on the acidic side [5]. Here, citric 
acid appears to be superior for maintaining the pH in the desired range. On the 
other hand, in another study it was found that providing a constant pH value of 12.0 
leads to improved reaction rates for internal olefins [6]. 

Since its discovery by Sharpless and coworkers, catalytic asymmetric dihydroxyla- 
tion (AD) has significantly enhanced the utility of osmium-catalyzed dihydroxylation 
(Scheme 1.1) [7]. Numerous applications in organic synthesis have appeared in re- 
cent years [8]. 
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Scheme 1.1 Osmylation of olefins 



While the problem of enantioselectivity has largely been solved through extensive 
synthesis and screening of cinchona alkaloid ligands by the Sharpless group, some 
features of this general method remain problematic for larger scale applications. 
Firstly, the use of the expensive osmium catalyst must be minimized and an efficient 
recycling of the metal should be developed. Secondly, the applied reoxidants for Os VI 
species are expensive and lead to overstoichiometric amounts of waste. 

In the past several reoxidation processes for osmium(VI) glycolates or other os- 
mium(VI) species have been developed. Historically, chlorates [9] and hydrogen per- 
oxide [10] were first applied as stoichiometric oxidants, however in both cases the dihy- 
droxylation often proceeds with low chemoselectivity. Other reoxidants for os- 
mium(VI) are tert-butyl hydroperoxide in the presence of Et 4 NOH [11] and a range of 
N-oxides, such as N-methylmorpholine N-oxide (NMO) [12] (the Upjohn process) and 
trimethylamine N-oxide. K 3 [Fe(CN) s ] gave a substantial improvement in the enantios- 
electivities in asymmetric dihydroxylations when it was introduced as a reoxidant for 
osmium(VI) species in 1990 [13]. However, even as early on as 1975 it was already 
being described as an oxidant for Os-catalyzed oxidation reactions [14]. Today the "AD- 
mix", containing the catalyst precursor K 2 [Os0 2 (OH) 4 ], the co-oxidant K 3 [Fe(CN) 6 ], 
the base K 2 C0 3 , and the chiral ligand, is commercially available and the dihydroxyla- 
tion reaction is easy to carry out. However, the production of overstoichiometric 
amounts of waste remains as a significant disadvantage of the reaction protocol. 

This chapter will summarize the recent developments in the area of osmium-cata- 
lyzed dihydroxylations, which bring this transformation closer to a "green reaction". 
Hence, special emphasis is given to the use of new reoxidants and recycling of the 
osmium catalyst. 



1.2 



Environmentally Friendly Terminal Oxidants 



1.2.1 

Hydrogen Peroxide 

Ever since the Upjohn procedure was published in 1976 the N-methylmorpholine 
N-oxide-based procedure has become one of the standard methods for osmium-cata- 
lyzed dihydroxylations. However, in the asymmetric dihydroxylation NMO has not 



1.2 Environmentally Friendly Terminal Oxidants 3 

been fully appreciated since it was difficult to obtain high ee with this oxidant. Some 
years ago it was demonstrated that NMO could be employed as the oxidant in the AD 
reaction to give high ee in aqueous tert-BuOH with slow addition of the olefin [15]. 

In spite of the fact that hydrogen peroxide was one of the first stoichiometric oxi- 
dants to be introduced for the osmium-catalyzed dihydroxylation it was not actually 
used until recently. When using hydrogen peroxide as the reoxidant for transition 
metal catalysts, very often there is the big disadvantage that a large excess of H 2 2 
is required, implying that the unproductive peroxide decomposition is the major 
process. 

Recently Backvall and coworkers were able to improve the H 2 2 reoxidation pro- 
cess significantly by using N-methylmorpholine together with flavin as co-catalysts 
in the presence of hydrogen peroxide [16]. Thus a renaissance of both NMO and 
H 2 2 was induced. The mechanism of the triple catalytic H 2 2 oxidation is shown 
in Scheme 1.2. 
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Scheme 1.2 Osmium-catalyzed dihydroxylation of olefins using 
H 2 2 as the terminal oxidant 



The flavin hydroperoxide generated from flavin and H 2 2 recycles the N-methyl- 
morpholine (NMM) to N-methylmorpholine N-oxide (NMO), which in turn reoxi- 
dizes the Os VI to Os vm . While the use of hydrogen peroxide as the oxidant without 
the electron-transfer mediators (NMM, flavin) is inefficient and nonselective, various 
olefins were oxidized to diols in good to excellent yields employing this mild triple 
catalytic system (Scheme 1.3). 



2 mol% K 2 [Os0 2 (OH) 4 ] 
6 mol% (DHQD) 2 PHAL 
5 mol% flavin 
50 mol% NMM 




2 equiv. tetraethylammonium 

acetate 

1.5 equiv. H 2 2 

tert-BuOH / H 2 0, °C 




88% yield 
99% ee 



Scheme 1.3 Osmium-catalyzed dihydroxylation of oc-methylstyrene 
using H 2 2 



By using a chiral Sharpless ligand high enantioselectivities were obtained. Here, 
an increase in the addition time for olefin and H 2 2 can have a positive effect on the 
enantioselectivity. 
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Backvall and coworkers have shown that other tertiary amines can assume the role 
of the N-methylmorpholine. They reported on the first example of an enantioselec- 
tive catalytic redox process where the chiral ligand has two different modes of opera- 
tion: (1) to provide stereocontrol in the addition of the substrate, and (2) to be respon- 
sible for the reoxidation of the metal through an oxidized form [17]. The results ob- 
tained with hydroquinidine 1,4-phthalazinediyl diether (DHQD) 2 PHAL both as an 
electron-transfer mediator and chiral ligand in the osmium-catalyzed dihydroxylation 
are comparable to those obtained employing NMM together with (DHQD) 2 PHAL. 
The proposed catalytic cycle for the reaction is depicted in Scheme 1.4. 

The flavin is an efficient electron-transfer mediator, but rather unstable. Several 
transition metal complexes, for instance vanadyl acetylacetonate, can also activate hy- 
drogen peroxide and are capable of replacing the flavin in the dihydroxylation reac- 
tion [18]. 

More recently Backvall and coworkers developed a novel and robust system for os- 
mium-catalyzed asymmetric dihydroxylation of olefins by H 2 2 with methyltrioxo- 
rhenium (MTO) as the electron transfer mediator [19]. Interestingly, here MTO cata- 
lyzes oxidation of the chiral ligand to its mono-N-oxide, which in turn reoxidizes 
Os VI to Os vm . This system gives vicinal diols in good yields and high enantiomeric 
excess up to 99%. 



HO OH 



+ OsO/ 




Scheme 1.4 Catalytic cycle for the enantioselective dihydroxylation 
of olefins using (DHQD) 2 PHAI_ for oxygen transfer and as a source 
of chirality 
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1.2.2 
Hypochlorite 

Apart from oxygen and hydrogen peroxide, bleach is the simplest and cheapest oxi- 
dant that can be used in industry without problems. In the past this oxidant has only 
been applied in the presence of osmium complexes in two patents in the early 1970s 
for the oxidation of fatty acids [20]. In 2003 the first general dihydroxylation proce- 
dure of various olefins in the presence of sodium hypochlorite as the reoxidant was 
described by us [21]. Using a-methylstyrene as a model compound, 100 % conversion 
and 98% yield of the desired 1,2-diol were obtained (Scheme 1.5). 



0.4 mol% K 2 [Os0 2 (OH) 4 ] 
1 mol% (DHQD) 2 PHAL 





2 equiv. K 2 C0 3 

1.5equiv. NaOCI 

tert-BuOH / H 2 0, °C 98% y' eld 

77% ee 

Scheme 1.5 Osmium-catalyzed dihydroxylation of oc-methylstyrene 
using sodium hypochlorite 



Interestingly, the yield of 2-phenyl-l,2-propanediol after 1 h was significantly 
higher using hypochlorite compared with literature protocols using NMO (90%) [22] 
or K 3 [Fe(CN) 6 ] (90%) at this temperature. The turnover frequency was 242 h _1 , 
which is a reasonable level [23]. Under the conditions shown in Scheme 1.5 an enan- 
tioselectivity of only 77% ee is obtained, while 94% ee is reported using K 3 [Fe(CN) 6 ] 
as the reoxidant. The lower enantioselectivity can be explained by some involvement 
of the so-called second catalytic cycle with the intermediate Os VI glycolate being oxi- 
dized to an Os vm species prior to hydrolysis (Scheme 1.6) [24]. 

Nevertheless, the enantioselectivity was improved by applying a higher ligand con- 
centration. In the presence of 5 mol% (DHQD) 2 PHAL a good enantioselectivity of 
91% ee is observed for a-methylstyrene. Using tert-butylmethylether as the organic 
co-solvent instead of tert-butanol, 99 % yield and 89 % ee with only 1 mol% 
(DHQD) 2 PHAL are reported for the same substrate. This increase in enantioselectiv- 
ity can be explained by an increase in the concentration of the chiral ligand in the or- 
ganic phase. Increasing the polarity of the water phase by using a 10% aqueous 
NaCl solution showed a similar positive effect. Table 1.1 shows the results of the 
asymmetric dihydroxylation of various olefins with NaOCI as the terminal oxidant. 

Despite the slow hydrolysis of the corresponding sterically hindered Os vl glyco- 
late, trans-5-decene reacted fast without any problems. This result is especially inter- 
esting since it is necessary to add stoichiometric amounts of hydrolysis aids to the di- 
hydroxylation of most internal olefins in the presence of other oxidants. 

With this protocol a very fast, easy to perform, and cheap procedure for the asym- 
metric dihydroxylation is presented. 
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Scheme 1.6 The two catalytic cycles in the asymmetric dihydroxylation 



Tab. 1.1 Asymmetric dihydroxylation of different olefins using NaOCI as terminal oxidant" 



Entry Olefin 



Time Yield Selectivity ee ee (%) 

0i) r/°) r/°> (%) Ref. 



■ oo 



CdHcT 



--C 4 Hc 



°^^ 



93 

99 
92 

84 



99 

99 

94 
84 

94 



95 



95 



91 



93 



91 



73 



99 

97 
95 
97 
97 



Reaction conditions: 2 mmol olefin, 0.4 mol% K 2 [Os0 2 (OH) 4 ], 5 mol% (DHQD) 2 PHAL, 10 ml H 2 0, 
10 ml 'BuOH, 1.5 equiv. NaOCI, 2 equiv. K 2 C0 3 , 3 C. 
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Tab. 1.1 


(continued) 














Entry 


Olefin 




Time 


Yield 


Selectivity 


ee 


ee(%) 
Ref. 


7 


1 




2 


87 


93 


80 b 




8 


^6^,3 ^ 




2 


97 


97 


73 




9 


H 3 CO''^^ 


v^ 


2 


94 


96 


34 b 




10 




^ 




2 


97 


>97 


80 b 


92 


b 5 mol% (DHQD) 2 PYR instead of 


(DHQD|, 


PHAL. 








1.2.3 
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Air 















In the past it has been demonstrated by several groups that in the presence of Os0 4 
and oxygen mainly non-selective oxidation reactions take place [25]. However, in 
1999 Krief et al. published a reaction system consisting of oxygen, catalytic amounts 
of Os0 4 and selenides for the asymmetric dihydroxylation of a-methylstyrene under 
irradiation with visible light in the presence of a sensitizer (Scheme 1.7) [26]. Here, 
the selenides are oxidized to their oxides by singlet oxygen and the selene oxides are 
able to re-oxidize osmium(VI) to osmium(VIII). The reaction works with similar 
yields and ee values to those of the Sharpless-AD. Potassium carbonate is also used, 
but only one tenth of the amount present in the AD-mix. Air can be used instead of 
pure oxygen. 



1 .25 mol% K 2 [Os0 2 (OH) 4 ] 
2.3 mol% (DHQD) 2 PHAL 
30 mol% K 2 C0 3 
ferf-BuOH / H 2 0, 20 °C 




8 mol% PhSeCH 2 Ph 
0.3 mol% Rose Bengale 
1 bar 2 , hv, 24 h 




93% yield 
97% ee 



Scheme 1.7 Osmium-catalyzed dihydroxylation using 2 and 
benzyl phenyl selenide 



The reaction was extended to a wide range of aromatic and aliphatic olefins [27]. It 
was shown that both yield and enantioselectivity are influenced by the pH of the re- 
action medium. The procedure was also applied to practical syntheses of natural pro- 
duct derivatives [28]. This version of the AD reaction not only uses a more ecological 
co-oxidant, it also requires much less matter: 87 mg of matter (catalyst, ligand, base, 
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reoxidant) are required to oxidize 1 mmol of the same olefin instead of 1400 mg 
when the AD-mix is used. 

Also in 1999 there was the first publication on the use of molecular oxygen with- 
out any additive to reoxidize osmium(VI) to osmium(VIII). We reported that the os- 
mium-catalyzed dihydroxylation of aliphatic and aromatic olefins proceeds efficiently 
in the presence of dioxygen under ambient conditions [29]. As shown in Table 1.2 
the new dihydroxylation procedure constitutes a significant advancement compared 
with other reoxidation procedures. Here, the dihydroxylation of a-methylstyrene is 
compared using different stoichiometric oxidants. The yield of the 1,2-diol remains 
good to very good (87-96%), independent of the oxidant used. The best enantioselec- 
tivities (94-96% ee) are obtained with hydroquinidine 1,4-phthalazinediyl diether 
[(DHQD) 2 PHAL] as the ligand at 0-12 °C (Table 1.2, entries 1 and 3). 

The dihydroxylation process with oxygen is clearly the most ecologically favorable 
procedure (Table 1.2, entry 5), when the production of waste from a stoichiometric 
reoxidant is considered. With the use of K 3 [Fe(CN) 6 ] as oxidant approximately 8.1 kg 
of iron salts per kg of product are formed. However, in the case of the Krief (Ta- 
ble 1.2, entry 3) and Backvall procedures (Table 1.2, entry 4) as well as in the pre- 
sence of NaOCl (Table 1.2, entry 6) some byproducts also arise due to the use of co- 
catalysts and co-oxidants. It should be noted that only salts and byproducts formed 



Tab. 1.2 Comparison ofthe dihydroxylation of a-methylstyrene in the presence of different oxidants 



Entry Oxidant 



Yield Reaction conditions ee TON Waste (oxidant) Ref. 

(%) (%) (kg/kg dial) 



1 


K 3 [Fe(CN) 6 ] 


90 


0°C 

K 2 [Os0 2 (OH) 4 ] 

'BuOH/H 2 


94 a 


450 


8.1 c 


[7 b] 


2 


NMO 


90 


0°C 

Os0 4 

acetone/H 2 


33" 


225 


0.88 d 


[22] 


3 


PhSeCH 2 Ph/0 2 
PhSeCH 2 Ph/air 


89 

87 


12 °C 

K 2 [Os0 2 (OH) 4 ] 

'BuOH/H 2 


96 a 
93 a 


222 
48 


0.16 6 
0.16 e 


[26 a] 
[26 a] 


4 


NMM/flavin/H 2 2 


93 


RT 

Os0 4 

acetone/H 2 




46 


0.33 f 


[16a] 


5 


o 2 


96 


50 °C 

K 2 [Os0 2 (OH) 4 ] 
'BuOH/aq. buffer 


80 a 


192 




[29] 


6 


NaOCl 


99 


0°C 

K 2 [Os0 2 (OH) 4 ] 

'BuOH/H 2 


91 a 


247 


0.58 g 


[21] 



a Ligand: Hydroquinidine 1,4-phthalazinediyl diether. Hydroquinidine /?-chlorobenzoate. 

c K4[Fe(CN) 6 ]. d N-Methylmorpholine (NMM). e PhSe(0)CH 2 Ph. f NMO/flavin-OOH. 8 NaCl. 
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from the oxidant have been included in the calculation. Other waste products have 
not been considered. Nevertheless the calculations presented in Table 1.2 give a 
rough estimation of the environmental impact of the reaction. 

Since the use of pure molecular oxygen on a larger scale might lead to safety pro- 
blems it is even more advantageous to use air as the oxidizing agent. Hence, all cur- 
rent bulk oxidation processes, e.g., the oxidation of BTX (benzene, toluene, xylene) 
aromatics or alkanes to give carboxylic acids, and the conversion of ethylene into 
ethylene oxide, use air and not pure oxygen as the oxidant [30]. In Table 1.3 the re- 
sults of the dihydroxylation of a-methylstyrene as a model compound using air as 
the stoichiometric oxidant are shown in contrast to that with pure oxygen (Scheme 
1.8; Table 1.3) [31]. 

K 2 [Os0 2 (OH) 4 ] ,, OH 

ligand ^X^OH 

■ ^ 2 + H 2 \\ T 

H 2 0/'BuOH 2.5:1 \^ 
50 °C, air 

Scheme 1.8 Osmium-catalyzed dihydroxylation of a-methylstyrene 



The dihydroxylation of a-methylstyrene in the presence of 1 bar of pure oxygen pro- 
ceeds smoothly (Table 1.3, entries 1-2), with the best results being obtained at 
pH 10.4. In the presence of 0.5 mol% K 2 [Os0 2 (OH) 4 ]/1.5 mol% DABCO or 1.5 mol% 
(DHQD) 2 PHAL at pH 10.4 and 50 °C total conversion was achieved after 16 h or 20 h 
depending on the ligand. While the total yield and selectivity of the reaction are excel- 
lent (97% and 96%, respectively), the total turnover frequency of the catalyst is com- 
paratively low (TOF = 10-12 h _1 ). In the presence of the chiral cinchona ligand 

Tab. 1.3 Dihydroxylation of oc-methylstyrene with air a 




Entry 


Pressure 


Cat. 


Ligand 




L/Os 


w 


Time 


Yield 


Selectivity 


ee 




(barf 


(mol%) 








(mmol IT 1 ) 


(h) 


(%) 


(%) 


r/o) 


1 


1 (pure 2 ) 


0.5 


DABCO d 




3:1 


3.0 


16 


97 


97 


_ 


2 


1 (pure 2 ) 


0.5 


(DHQD) 2 


PHAL 6 


3:1 


3.0 


20 


96 


96 


80 


3 


1 


0.5 


DABCO 




3.1 


3.0 


24 


24 


85 


- 


4 


1 


0.5 


DABCO 




3.1 


3.0 


68 


58 


83 


- 


5 


5 


0.1 


DABCO 




3:1 


0.6 


24 


41 


93 


- 


6 


9 


0.1 


DABCO 




3:1 


0.6 


24 


76 


92 


- 


7 


20 


0.5 


(DHQD) 2 


PHAL 


3:1 


3.0 


17 


96 


96 


82 


8 


20 


0.1 


(DHQD) 2 


PHAL 


3:1 


0.6 


24 


95 


95 


62 


9 


20 


0.1 


(DHQD) 2 


PHAL 


15:1 


3.0 


24 


95 


95 


83 


10 b 


20 


0.1 


(DHQD) 2 


PHAL 


3:1 


1.5 


24 


94 


94 


67 


ll b 


20 


0.1 


(DHQD) 2 


PHAL 


6:1 


3.0 


24 


94 


94 


78 


12 b 


20 


0.1 


(DHQD) 2 


PHAL 


15:1 


7.5 


24 


60 


95 


82 



a Reaction conditions: K 2 [Os0 2 (OH) 4 ], 50 °C, 2 mmol olefin, 25 mL buffer solution (pH 10.4), 10 mL ( BuOH. b 10 mmol 
olefin, 50 mL buffer solution (pH 10.4), 20 mL ( BuOH. c The autoclave was purged with air and then pressurized to the 
given value. l,4-Diazabicyclo[2.2.2.]octane. e Hydro quinidine 1,4-phthalazinediyl diether. 
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(DHQD) 2 PHAL an ee of 80% is observed. Sharpless et al. reported an enantioselec- 
tivity of 94% for the dihydroxylation of a-methylstyrene with (DHQD) 2 PHAL as the 
ligand using K 3 [Fe(CN) 6 ] as the reoxidant at °C [32]. Studies of the ceiling ee at 50 °C 
(88% ee) show that the main difference in the enantioselectivity stems from the 
higher reaction temperature. Using air instead of pure oxygen gas gave only 24% of 
the corresponding diol after 24 h (TOF = 1 h~ ; Table 1.3, entry 3). Although the reac- 
tion is slow, it is important to note that the catalyst stays active, as shown by the fact 
that 58% of the product is obtained after 68 h (Table 1.3, entry 4). Interestingly the 
chemoselectivity of the dihydroxylation does not significantly decrease after a pro- 
longed reaction time. At 5-20 bar air pressure the turnover frequency of the catalyst 
is improved (Table 1.3, entries 5-11). 

Full conversion of a a-methylstyrene is achieved at an air pressure of 20 bar in the 
presence of 0.1 mol% of osmium, which corresponds to a turnover frequency of 
40 h _1 (Table 1.3, entries 8-11). Thus, by increasing the air pressure to 20 bar, it 
was possible to reduce the amount of osmium catalyst by a factor of 5. A decrease of 
the osmium catalyst and the ligand leads to a decrease in the enantioselectivity of from 
82 % to 62 % ee. This is easily explained by the fact that the ligand concentration deter- 
mines the stereoselectivity of the dihydroxylation reaction (Table 1.3, entries 7 and 9). 

While the reaction at higher substrate concentration (10 mmol instead of 2 mmol) 
proceeds only sluggishly at 1 bar even with pure oxygen, full conversion is achieved 
after 24 h at 20 bar of air (Table 1.3, entries 10 and 11, and Table 1.4, entries 17 and 
18). In all experiments performed under air pressure the chemoselectivity of the di- 
hydroxylation remained excellent (92-96%). 

Table 1.4 shows the results of the osmium-catalyzed dihydroxylation of various ole- 
fins with air. 

As depicted in Table 1.4 all olefins gave the corresponding diols in moderate to 
good yields (48-89%). Applying standard reaction conditions, the best yields of diols 
were obtained with 1-octene (97%), 1 -phenyl- 1-cyclohexene (88%), trans-5-decene 
(85%), allyl phenyl ether (77%) and styrene (76%). The enantioselectivities varied 
from 53 to 98% ee depending on the substrate. It is important to note that the chemo- 
selectivity of the reaction decreases under standard conditions in the following sub- 
strate order: a-methylstyrene = 1-octene > 1 -phenyl- 1-cyclohexene > trans-5-decene > 
n-C 6 F 13 CH=CH 2 > allyl phenyl ether > styrene » trans-stilbene. A correlation be- 
tween the chemoselectivity of the reaction and the sensitivity of the produced diol to- 
wards further oxidation is evident, with the main side reaction being the oxidative clea- 
vage of the C=C double bond. Aromatic diols with benzylic hydrogen atoms are espe- 
cially sensitive to this oxidation reaction. Thus, the dihydroxylation of trans-stilbene 
gave no hydrobenzoin in the biphasic mixture water/tert-butanol at pH 10.4, 50 °C 
and 20 bar air pressure (Table 1.4, entry 9). Instead of dihydroxylation a highly selec- 
tive cleavage of stilbene to give benzaldehyde (84-87% yield) was observed. Interest- 
ingly, changing the solvent to isobutyl methyl ketone (Table 1.4, entry 12) makes it 
possible to obtain hydrobenzoin in high yield (89%) and enantioselectivity (98%) at 
pH 10.4. 

The mechanism of the dihydroxylation reaction with oxygen or air is presumed to 
be similar to the catalytic cycle presented by Sharpless et al. for the osmium-cata- 
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Tab. 1.4 Dihydroxylation of various olefins with air a 



Entry Olefin 



Cat. Ligand 

(mol%) 



L/Os [L] 



Time Yield Selectivity ee 



(mmolr 1 ) (h) (%) b 



(%r 



(%) 



14 

15 

16 

17 f 

18 f 

19 





^6^,3 ^ 



C B F. 



.^^ 



0.5 (DHQD) 2 PHAL 3:1 3.0 

0.5 (DHQD) 2 PHAL 3:1 3.0 

0.5 (DHQD) 2 PHAL 3:1 3.0 



0.5 



(DHQD) 2 PHAL 3:1 



3.0 



0.5 


(DHQD) 2 PHAL 


3:1 


3.0 


0.5 


(DHQD) 2 PHAL 


3:1 


3.0 


0.5 


(DHQD) 2 PHAL 


3:1 


3.0 


0.5 


(DHQD) 2 PHAL 


3:1 


3.0 


0.5 


_ 


_ 


_ 


1.0 


DABCO 


3:1 


1.5 


1.0 


(DHQD) 2 PHAL 


3.1 


1.5 


1.0 


(DHQD) 2 PHAL 


3:1 


1.5 


1.0 


(DHQD) 2 PHAL 


3:1 


6.0 


0.5 


(DHQD) 2 PHAL 


3:1 


3.0 


0.1 


(DHQD) 2 PHAL 


3:1 


0.6 


0.1 


(DHQD) 2 PHAL 


15:1 


3.0 


0.1 


(DHQD) 2 PHAL 


3:1 


1.5 


0.1 
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24 
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98 



24 



55 



82 

63 

44 
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47 
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68 



a Reaction conditions: K 2 [OsO z (OH) 4 ], 50 °C, 2 mmol olefin, 20 bar air, pH = 10.4, 25 mL buffer solution, 10 mL 'BuOH; 
entries 9-12: 15 mL buffer solution, 20 mL 'BuOH, entries 17-18: 50 mL buffer solution, 20 mL 'BuOH. b Values in par- 
entheses are for benzaldehyde. c 1 mmol olefin. pH = 12. e Isobutyl methyl ketone instead of 'BuOH. 10 mmol olefin. 
g Hydroquinidine 2,5-diphenyl-4,6-pyrimidinediyl diether. 



lyzed dihydroxylation with K 3 [Fe(CN) 6 ] as the reoxidant (Scheme 1.9). The addition 
of the olefin to a ligated Os vm species proceeds mainly in the organic phase. De- 
pending on the hydrolytic stability of the resulting Os VI glycolate complex, the rate 
determining step of the reaction is either hydrolysis of the Os VI glycolate or the reoxi- 
dation of Os VI hydroxy species. There must be a minor involvement of a second cata- 
lytic cycle, as suggested for the dihydroxylation with NMO. Such a second cycle 
would lead to significantly lower enantioselectivities, as the attack of a second olefin 
molecule on the Os vm glycolate would occur in the absence of the chiral ligand. The 
observed enantioselectivities for the dihydroxylation with air are only slightly lower 
than the data previously published by the Sharpless group, despite the higher reac- 
tion temperature (50 °C vs. °C). Therefore the direct oxidation of the Os VI glycolate 
to an Os vm glycolate does not represent a major reaction pathway. 
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+ L 




Scheme 1.9 Proposed catalytic cycle forthe dihydroxylation of olefins 
with Os0 4 and oxygen as the terminal oxidant 



1.3 



Supported Osmium Catalyst 



Hazardous toxicity and high costs are the chief drawbacks to reactions using os- 
mium tetroxide. Besides the development of procedures where catalytic amounts of 
osmium tetroxide are joined with a stoichiometrically used secondary oxidant con- 
tinuously regenerating the tetroxide, these disadvantages can be overcome by the 
use of stable and nonvolatile adducts of osmium tetroxide with heterogeneous sup- 
ports [33]. They offer the advantages of easy and safe handling, simple separation 
from the reaction medium, and the possibility to reuse the expensive transition me- 
tal. Unfortunately, problems with the stability of the polymer support and leaching 
of the metal generally occur. 

In this context Cainelli and coworkers had already reported, in 1989, the prepara- 
tion of polymer-supported catalysts: here, Os0 4 was immobilized on several amine 
type polymers [34]. Such catalysts have structures of the type Os0 4 • L with the 
N-group of the polymer (= L) being coordinated to the Lewis acidic osmium center. 
Based upon this concept, a catalytic enantioselective dihydroxylation was established 
by using polymers containing cinchona alkaloid derivatives [35]. However, since the 
amine ligands coordinate to osmium under equilibrium conditions, recovery of the 
osmium using polymer supported ligands was difficult. Os-diolate hydrolysis seems 
to require detachment from the polymeric ligand, and hence causes leaching. 
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Herrmann and coworkers reported on the preparation of immobilized Os0 4 on 
poly(4-vinyl pyridine) and its use in the dihydroxylation of alkenes by means of hy- 
drogen peroxide [36]. However, the problems of gradual polymer decomposition and 
osmium leaching were not solved. 

A new strategy was published by Kobayashi and coworkers in 1998: they used mi- 
croencapsulated osmium tetroxide. Here the metal is immobilized onto a polymer 
on the basis of physical envelopment by the polymer and on electron interactions 
between the 7i-electrons of the benzene rings of the polystyrene based polymer and 
a vacant orbital of the Lewis acid [37]. Using cyclohexene as a model compound it 
was shown that this microencapsulated osmium tetroxide (MC Os0 4 ) can be used 
as a catalyst in the dihydroxylation, with NMO as the stoichiometric oxidant 
(Scheme 1.10). 

MC Os0 4 (5 mol%) /\/ 0H 



H 2 0-acetone-CH 3 CN (1/1/1) \^^OH 

NMO 
rt, 12 h 84% yield 



Scheme 1.10 Dihydroxylation of cyclohexene using microencapsulated 
osmium tetroxide (MC Os0 4 ) 



In contrast to other typical Os0 4 -catalyzed dihydroxylations, where H 2 0-'BuOH is 
used as the solvent system, the best yields were obtained in H 2 0/acetone/CH 3 CN. 
While the reaction was successfully carried out using NMO, moderate yields were 
obtained using trimethylamine N-oxide, and much lower yields were observed using 
hydrogen peroxide or potassium ferricyanide. The catalyst was recovered quantita- 
tively by simple filtration and reused several times. The activity of the recovered cata- 
lyst did not decrease even after the fifth use. 

A study of the rate of conversion of the starting material showed that the reaction 
proceeds faster using Os0 4 than using the microencapsulated catalyst. This is as- 
cribed to the slower reoxidation of the microencapsulated osmium ester with NMO, 
compared with simple Os0 4 . 

Subsequently acryronitrile/butadiene/polystyrene polymer was used as a support 
based on the same microencapsulation technique and several olefins, including 
cyclic and acyclic, terminal, mono-, di-, tri-, and tetrasubstituted, gave the corre- 
sponding diols in high yields [38]. When (DHQD) 2 PHAL as a chiral source was 
added to the reaction mixture enantioselectivities up to 95% ee were obtained. 
However, this reaction requires slow addition of the olefin. After running a 
100 mmol experiment, more than 95% of the ABS-MC Os0 4 and the chiral ligand 
were recovered. 

Recently Kobayashi and coworkers reported on a new type of microencapsulated 
osmium tetroxide using phenoxyethoxymethyl-polystyrene as the support [39]. With 
this catalyst, asymmetric dihydroxylation of olefins has been successfully performed 
using (DHQD) 2 PHAL as a chiral ligand and K 3 [Fe(CN) 6 ] as a cooxidant in H 2 0/acet- 
one (Scheme 1.11). 
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PEM-MC Os0 4 (5 mol%) 
(DHQD) 2 PHAI_ (5 mol%) 

H 2 0-acetone(1/1) 
K 3 [Fe(CN) 6 ], K 2 CO 3 ,30°C 



V H0 OH 



Scheme 1.11 Asymmetric dihydroxylation of olefins using 
PEM-MC Os0 4 



In this instance the dihydroxylation does not require slow addition of the olefin, 
and the catalyst can be recovered quantitatively by simple filtration and reused with- 
out loss of activity. 

Jacobs and coworkers published a completely different type of heterogeneous os- 
mium catalyst. Their approach is based on two details from the mechanism of the cis- 
dihydroxylation: (1) tetrasubstituted olefins are smoothly osmylated to an osmate(VI) 
ester, but these esters are not hydrolyzed under mild conditions, and (2) an Os VI 
monodiolate complex can be reoxidized to cis-dioxo Os vm without release of the diol; 
subsequent addition of a second olefin results in an Os bisdiolate complex. These 
two properties make it possible to immobilize a catalytically active osmium com- 
pound by the addition of Os0 4 to a tetrasubstituted olefin that is covalently linked to 
a silica support. The tetrasubstituted diolate ester which is formed at one side of the 
Os atom is stable, and keeps the catalyst fixed on the support material. The catalytic 
reaction can take place at the free coordination sites of Os (Scheme 1.12) [40]. 

The dihydroxylation of monosubstituted and disubstituted aliphatic olefins and 
cyclic olefins was successfully performed using this heterogeneous catalyst and 




SiQ 2 



Os0 4 




SiO? 



[O] 



„SiO 



SiQ 2 




no hydrolysis 



Scheme 1.12 Immobilization of Os in a tertiary diolate complex, and 
proposed catalytic cycle for ds-dihydroxylation 
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NMO as the cooxidant. With respect to the olefin, 0.25 mol% Os was needed and the 
excellent chemoselectivity of the homogeneous reaction with NMO is preserved. 
However, somewhat increased reaction times are required. The development of an 
asymmetric variant of this process by addition of the typical chiral alkaloid ligands of 
the asymmetric dihydroxylation should be difficult since the reactions performed 
with these heterogeneous catalysts are taking place in the so-called second cycle. 
With alkaloid ligands high ee values are only achieved in dihydroxylations occurring 
in the first cycle. However, recent findings by the groups of Sharpless and Adolfsson 
show that even second-cycle dihydroxylations may give substantial ee results [41]. 
Although this process must be optimized, further development of the concept of an 
enantioselective second-cycle process offers a perspective for a future heterogeneous 
asymmetric catalyst. 

Choudary and his group reported, in 2001, on the design of an ion-exchange tech- 
nique for the development of recoverable and reusable osmium catalysts immobi- 
lized on layered double hydroxides (LDH), modified silica, and organic resin for 
asymmetric dihydroxylation [42]. An activity profile of the dihydroxylation of trans- 
stilbene with various exchanger/Os0 4 catalysts revealed that LDH/Os0 4 displays the 
highest activity and that the heterogenized catalysts in general have higher reactivity 
than K 2 [Os0 2 (OH) 4 ]. When trans-stilbene was added to a mixture of LDH/Os0 4 , 
(DHQD) 2 PHAL as the chiral ligand (1 mol% each), and NMO in H 2 0/'BuOH, the 
desired diol is obtained in 96% yield with 99% ee. Similarly, excellent ee results are 
obtained with resin/Os0 4 and Si0 2 /Os0 4 in the same reaction. All of the prepared 
catalysts are recovered quantitatively by simple filtration and reused for five cycles 
with consistent activity. With this procedure, various olefins ranging from mono- to 
trisubstituted and from activated to non-activated are transformed into their diols. In 
most cases, the desired diols are formed in higher yields, albeit with almost similar 
ee values as reported in homogeneous systems. Slow addition of the olefin to the re- 
action mixture is warranted to achieve higher ee. This LDH/Os0 4 system presented 
by Choudary and coworkers is superior in terms of activity, enantioselectivity and 
scope of the reaction in comparison with that of Kobayashi. 

Although the LDH/Os0 4 shows excellent activity with NMO, it is deactivated 
when K 3 [Fe(CN) s ] or molecular oxygen is used as the co-oxidant [43]. This deactiva- 
tion is attributed to the displacement of Os0 4 ~ by the competing anions, which in- 
clude ferricyanide, ferrocyanide, and phosphate ions (from the aqueous buffer solu- 
tion). To solve this problem resin/Os0 4 and Si0 2 /Os0 4 were designed and prepared 
by the ion-exchange process on the quaternary ammonium-anchored resin and si- 
lica, respectively, as these ion-exchangers are expected to prefer bivalent anions 
rather than trivalent anions. These new heterogeneous catalysts show consistent per- 
formance in the dihydroxylation of a-methylstyrene for a number of recycles using 
NMO, K 3 [Fe(CN) 6 ] or 2 as reoxidant. The resin/Os0 4 catalyst, however, displays 
higher activity than the Si0 2 /Os0 4 catalyst. In the presence of Sharpless ligands var- 
ious olefins were oxidized with high enantioselectivity using these heterogeneous 
systems. Very good ee results were obtained with each of the three co-oxidants. Equi- 
molar ratios of ligand to osmium are sufficient to achieve excellent ee results. This is 
in contrast to the homogeneous reaction in which a 2-3 molar excess of the expen- 
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sive chiral ligand to osmium is usually employed. These studies indicate that the 
binding ability of these heterogeneous osmium catalysts with the chiral ligand is 
greater than the homogeneous analogue. 

Incidentally, this forms the first report of a heterogeneous osmium-catalyst 
mediated AD reaction of olefins using molecular oxygen as the co-oxidant. Under 
identical conditions, the turnover numbers of the heterogeneous catalyst are almost 
similar to the homogeneous system. 

Furthermore, Choudary and coworkers presented a procedure for the application 
of a heterogeneous catalytic system for the AD reaction in combination with hydro- 
gen peroxide as co-oxidant [44]. Here a triple catalytic system composed of NMM 
and two heterogeneous catalysts was designed. A titanium silicalite acts as the elec- 
tron transfer mediator to perform oxidation of NMM that is used in catalytic 
amounts with hydrogen peroxide to provide in situ NMO continuously for AD of ole- 
fins, which is catalyzed by another heterogeneous catalyst, silica gel-supported cinch- 
ona alkaloid [SGS-(DHQD) 2 PHAL]-Os0 4 . Good yields were observed for various ole- 
fins. Again very good ee results have been achieved with an equimolar ratio of ligand 
to osmium, but slow addition of olefin and H 2 2 is necessary. Unfortunately, recov- 
ery and reuse of the SGS-(DHQD) 2 PHAL-Os0 4 /TS-l revealed that about 30% of the 
osmium had leached during the reaction. This amount has to be replenished in each 
additional run. 



1.4 

Ionic Liquids 

Recently ionic liquids have become popular as new solvents in organic synthesis [45, 
46]. They can dissolve a wide range of organometallic compounds and are miscible 
with organic compounds. They are highly polar but non-coordinating. In general 
ionic liquids exhibit excellent chemical and thermal stability along with ease of re- 
use. It is possible to vary their miscibility with water and organic solvents simply by 
changing the counter anion. Advantageously they have essentially negligible vapor 
pressure. 

In 2002 olefin dihydroxylation by recoverable and reusable Os0 4 in ionic liquids 
was published for the first time [47]. Yanada and coworkers described the immobili- 
zation of Os0 4 in l-ethyl-3-methylimidazolium tetrafluoroborate [47 a]. They chose 
l,i-diphenylethylene as a model compound and found that the use of 5 mol% Os0 4 
in [emim]BF 4 , 1.2 equiv. of NMO • H 2 0, and room temperature were the best reac- 
tion conditions for good yield. After 18 h 100% of the corresponding diol was ob- 
tained. Os0 4 -catalyzed reactions with other co-oxidants such as hydrogen peroxide, 
sodium percarbonate, and tert-butyl hydroperoxide gave poor results. With anhy- 
drous NMO only 6% diol was found. After the reaction the 1,2-diol can be extracted 
with ethyl acetate and the ionic liquid containing the catalyst can be reused for 
further catalytic oxidation reaction. It was shown that even in the fifth run the ob- 
tained yield did not change. This new method using immobilized Os0 4 in an ionic 
liquid was applied to several substrates, including mono-, di-, and trisubstituted ali- 
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phatic olefins, as well as to aromatic olefins. In all cases, the desired diols were ob- 
tained in high yields. 

The group working with Yao developed a slightly different procedure. They used 
[bmim]PF s (bmim = l-w-butyl-3-methylimidazol)/water/'BuOH (1:1:2) as the sol- 
vent system and NMO (1.2 equiv.) as the reoxidant for the osmium catalyst [47b]. 
Here 2 mol% osmium are needed for efficient dihydroxylation of various olefins. 
After the reaction, all volatiles were removed under reduced pressure and the pro- 
duct was extracted from the ionic liquid layer using ether. The ionic liquid layer con- 
taining the catalyst can be used several times with only a slight drop in catalyst activ- 
ity. In order to prevent osmium leaching, 1.2 equiv. of DMAP relative to Os0 4 have 
to be added to the reaction mixture. This amine forms stable complexes with Os0 4 , 
and this strong binding to a polar amine enhances its partitioning in the more polar 
ionic liquid layer. Recently, Song and coworkers reported on the Os-catalyzed dihy- 
droxylation using NMO in mixtures of ionic liquids (l-butyl-3-methylimidazolium 
hexafluorophosphate or hexafluoroantimonate) with acetone/H 2 [48]. They used 
l,4-bis(9-0-quininyl)phthalazine [(QN) 2 PHAL] as the chiral ligand. (QN) 2 PHAL will 
be converted into a new ligand bearing highly polar residues (four hydroxy groups 
in the 10,11-positions of the quinine parts) during AD reactions of olefins. The use 
of (QN) 2 PHAL instead of (DHQD) 2 PHAL afforded the same yields and ee results 
and, moreover, resulted in drastic improvement in recyclability of both catalytic 
components. In another recent report Branco and coworkers described the 
K 2 Os0 2 (OH) 4 /K 3 Fe(CN) 6 /(DHQD) 2 PHAL or (DHQD) 2 PYR system for the asym- 
metric dihydroxylation using two different ionic liquids [49]. Both of the systems 
used, [bmim][PF 6 ]/water and [bmim][PF 6 ]/water/tert-butanol (bmim = l-n-butyl-3- 
methylimidazol), are effective for a considerable number of runs (e.g., run 1, 88%, 
ee 90%; run 9, 83%, ee 89%). Only after 11 or 12 cycles was a significant drop in the 
chemical yield and optical purity observed. 

In summary, it has been demonstrated that the application of an ionic liquid pro- 
vides a simple approach to the immobilization of an osmium catalyst for olefin dihy- 
droxylation. It is important to note that the volatility and toxicity of Os0 4 are greatly 
suppressed when ionic liquids are used. 
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2 

Transition Metal-catalyzed Epoxidation of Alkenes 

Hans Adolfsson 



2.1 
Introduction 

The formation of epoxides via metal-catalyzed oxidation of alkenes represents the 
most elegant and environmentally friendly route for the production of this com- 
pound class [1, 2]. This is of particular importance, considering that the conservation 
and management of resources should be the main focus of interest when novel che- 
mical processes are developed. Thus, the innovation and improvement of catalytic 
epoxidation methods where molecular oxygen or hydrogen peroxide are employed as 
terminal oxidants is highly desirable. However, one of today's industrial routes for 
the formation of simple epoxides (e.g., propylene oxide) is the chlorohydrin process, 
where alkenes are reacted with chlorine in the presence of sodium hydroxide 
(Scheme 2.1) [3]. At present this process produces 2.01 ton NaCl and 0.102 ton 
1,2-dichloropropane as byproducts per ton of propylene oxide. These significant 
amounts of waste are certainly not acceptable in the long run, and efforts aimed at 
replacing such chemical plants with "greener" epoxidation processes are under way. 
When it comes to the production of fine chemicals, non-catalyzed processes with tra- 
ditional oxidants (e. g., peroxyacetic acid and meta-chloroperoxybenzoic acid) are of- 
ten used. In these cases, however, transition metal-based systems using hydrogen 
peroxide as the terminal oxidant demonstrate several advantages. The scope and fo- 
cus of this chapter will be to highlight some novel approaches to transition metal-cat- 
alyzed formation of epoxides by means of alkene oxidation using environmentally 
benign oxidants. 




2NaCI + H 2 Scheme 2.1 
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2.2 

Choice of Oxidant for Selective Epoxidation 

There are several terminal oxidants available for the transition metal-catalyzed 
epoxidation of alkenes (Table 2.1). Typical oxidants compatible with a majority of 
metal-based epoxidation systems are various alkyl hydroperoxides, hypochlorite or 
iodosylbenzene. A problem associated with these oxidants is their low active oxygen 
content (Table 2.1). Considering the nature of the waste produced, there are further 
drawbacks using these oxidants. Hence, from an environmental and economical 
point of view, molecular oxygen should be the preferred oxidant, considering its 
high active oxygen content and that no waste products or only water is formed. 
One of the major limitations, however, using molecular oxygen as the terminal oxi- 
dant for the formation of epoxides is the poor product selectivity obtained in these 
processes [4]. In combination with the limited number of catalysts available for di- 
rect activation of molecular oxygen, this effectively restricts the use of this oxidant. 
On the other hand, hydrogen peroxide displays much better properties as the term- 
inal oxidant. The active oxygen content of H 2 2 is about as high as for typical ap- 
plications of molecular oxygen in epoxidations (since a reductor is required in al- 
most all cases), and the waste produced by employing this oxidant is plain water. 
As in the case of molecular oxygen, the epoxide selectivity using H 2 2 can some- 
times be relatively poor, although recent developments have led to transition metal- 
based protocols where excellent reactivity and epoxide selectivity can be obtained 
[5]. The various oxidation systems available for the selective epoxidation of alkenes 
using transition metal catalysts and hydrogen peroxide will be covered in the fol- 
lowing sections. 



Tab. 2.1 Oxidants used in transition metal-catalyzed epoxidations, and their active oxygen content 



Oxidant 


Active oxygen content 
(wt.%) 


Waste product 


Oxygen (0 2 ) 


100 


Nothing or H 2 


Oxygen (0 2 ) /reductor 


50 


H 2 


H 2 2 


47 


H 2 


NaOCl 


21.6 


NaCl 


CH3CO3H 


21.1 


CH 3 C0 2 H 


'BuOOH (TBHP) 


17.8 


'BuOH 


KHSO5 


10.5 


KHSO4 


BTSP a 


9 


hexamethyldisiloxane 


PhIO 


7.3 


Phi 



1 Bistrimethylsilyl peroxide. 
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2.3 

Epoxidations of Alkenes Catalyzed by Early Transition Metals 

High-valent early transition metals such as titanium(IV) and vanadium(V) have 
been shown to efficiently catalyze the epoxidation of alkenes. The preferred oxidants 
using these catalysts are various alkyl hydroperoxides, typically tert-butylhydroperox- 
ide (TBHP) or ethylbenzene hydroperoxide (EBHP). One of the routes for the indus- 
trial production of propylene oxide is based on a heterogeneous Ti lv /Si0 2 catalyst, 
which employs EBHP as the terminal oxidant [6]. 

The Sharpless-Katsuki asymmetric epoxidation (AE) protocol for the enantioselec- 
tive formation of epoxides from allylic alcohols was a milestone in asymmetric cata- 
lysis [7]. This classical asymmetric transformation uses TBHP as the terminal oxi- 
dant, and the reaction has been widely used in various synthetic applications. There 
are several excellent reviews covering the scope and utility of the AE reaction [8]. On 
the other hand, the use of hydrogen peroxide as oxidant in combination with early 
transition metal catalysts (Ti and V) is rather limited. The reason for the poor reactiv- 
ity can be traced to the severe inhibition of the metal complexes by strongly coordi- 
nating ligands such as alcohols and in particular water. The development of the het- 
erogeneous titanium (IV) -silicate catalyst (TS-1) by chemists at Enichem represented 
a breakthrough for reactions performed with hydrogen peroxide [9], This hydropho- 
bic molecular sieve demonstrated excellent properties (i.e., high catalytic activity and 
selectivity) for the epoxidation of small linear alkenes in methanol. The substrates 
are adsorbed into the micropores of the TS-1 catalyst, which efficiently prevents the 
inhibition by water as observed using the Ti IV /Si0 2 catalyst. After the epoxidation re- 
action, the TS-1 catalyst can easily be separated and reused. To extend the scope of 
this epoxidation method and thereby allow for the oxidation of a wider range of sub- 
strates, several different titanium containing silicate zeolites have been prepared. 
Consequently, the scope has been improved somewhat but the best epoxidation re- 
sults using titanium silicates as catalysts are obtained with smaller, non-branched 
substrates. 



2.4 

Molybdenum and Tungsten-catalyzed Epoxidations 

Epoxidation systems based on molybdenum and tungsten catalysts have been stu- 
died extensively for more than 40 years. The typical catalysts, Mo VI -oxo or W VI -oxo 
species do, however, behave quite differently depending on whether anionic or neu- 
tral complexes are employed. Whereas the former catalysts, especially the use of 
tungstates under phase-transfer conditions, are able to efficiently activate aqueous 
hydrogen peroxide for the formation of epoxides, neutral molybdenum or tungsten 
complexes give a lower selectivity with hydrogen peroxide. A better selectivity with 
the latter catalysts is often achieved using organic hydroperoxides (e.g., tert-butyl hy- 
droperoxide) as terminal oxidants [10, 11]. 
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2.4.1 



Homogeneous Catalysts - Hydrogen Peroxide as the Terminal Oxidant 

Payne and Williams reported in 1959 on the selective epoxidation of maleic, fumaric 
and crotonic acids using a catalytic amount of sodium tungstate (2 mol%) in combi- 
nation with aqueous hydrogen peroxide as the terminal oxidant [12]. The key to suc- 
cess was careful control of the pH (4-5.5) in the reaction media. These electron-defi- 
cient substrates were notoriously difficult to oxidize selectively using the standard 
techniques (peroxy acid reagents) available at the time. Previous attempts to use so- 
dium tungstate and hydrogen peroxide led to the isolation of the corresponding diols 
due to rapid hydrolysis of the intermediate epoxides. Significant improvements to 
this catalytic system were introduced by Venturello and coworkers [13, 14]. They 
found that the addition of phosphoric acid and the introduction of quaternary am- 
monium salts as PTC -reagents considerably increased the scope of the reaction. The 
active tungstate catalysts are often generated in situ, although catalytically active per- 
oxo-complexes such as (n-hexyl 4 N)3{P0 4 [W(0)(0 2 )2]4} have been isolated and char- 
acterized (Scheme 2.2) [15]. 
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Scheme 2.2 The Venturello (n-hexyl 4 N) 3 {P0 4 [w(0) (0 2 ) 2 ] 4 } catalyst 




In recent work, Noyori and coworkers established conditions for the selective 
epoxidation of aliphatic terminal alkenes either in toluene, or using a completely sol- 
vent-free reaction setup [16, 17]. One of the disadvantages with the previous systems 
was the use of chlorinated solvents. The conditions established by Noyori, however, 
provided an overall "greener" epoxidation process since the reactions were per- 
formed efficiently in non-chlorinated solvents. In this reaction, sodium tungstate 
(2 mol%), (aminomethyl)phosphonic acid and methyltri-n-octylammonium bisulfate 
(1 mol% of each) were employed as catalysts for the epoxidation using aqueous hy- 
drogen peroxide (30%) as the terminal oxidant. The epoxidation of various terminal 
alkenes using the above-mentioned conditions (90 °C, no solvent added) gave high 
yields for a number of substrates (Table 2.2). The work-up procedure was exception- 
ally simple, since the product epoxides could be distilled directly from the reaction 
mixture. The use of appropriate additives turned out to be crucial to a successful out- 
come of these epoxide-forming reactions. 

When the (aminomethyl)phosphonic acid was replaced by other phosphonic acids 
or simply by phosphoric acid, significantly lower conversions were obtained. The 
nature of the phase-transfer reagent was further established as an important para- 
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Tab. 2.2 Epoxidation of terminal alkenes using the Noyori system 

1 .5 equiv. H 2 2 (30% aq) ,0 

R^ R^J 

Na 2 W0 4 x 2H 2 (2 mol%) 

[CH 3 (n-C 8 H 17 ) 3 N]HS0 4 (1 mol%) 

NH 2 CH 2 P0 3 H (1 mol%) 

Entry Alkene Time (h) Conversion (%) Yield (%) 



1 


1-octene 


2 


89 


86 


2 


1-decene 


2 


94 


93 


3 a 


1-decene 


4 


99 


99 


4 a 


allyl octyl ether 


2 


81 


64 


5 a 


styrene 


3 


70 


2 



20 mmol alkene in 4 mL toluene. 



meter. The use of ammonium bisulfate (HSO4) was superior to the corresponding 
chloride or hydroxide salts. The size, and hence the lipophilicity of the ammonium 
ion was important, since tetra-n-butyl- or tetra-n-hexyl ammonium bisulfate were in- 
ferior to phase-transfer agents containing larger alkyl groups. The epoxidation sys- 
tem was later extended to encompass other substrates, such as simple alkenes with 
different substitution patterns, and to alkenes containing various functionalities (al- 
cohols, ethers, ketones and esters). 

A major limitation of this method is the low pH under which the reactions are per- 
formed. This led to substantially lower yields in reactions with substrate progenitors 
of acid sensitive epoxides, where competing ring-opening processes effectively re- 
duced the usefulness of the protocol. As an example, the oxidation of styrene led to 
70 % conversion after 3 h at 70 °C, although the observed yield for styrene oxide was 
only 2% (Table 2.2, entry 5). 

The epoxidation method developed by Noyori, has subsequently been applied to 
the direct formation of dicarboxylic acids from alkenes [18]. Cyclohexene was oxi- 
dized to adipic acid in 93% yield using the tungstate, ammonium bisulfate system 
and 4 equiv. of hydrogen peroxide. The selectivity problem associated with the 
Noyori protocol was to a certain degree circumvented by the improvements intro- 
duced by Jacobs and coworkers [19]. To the standard catalytic mixture were added ad- 
ditional amounts of (aminomethyl)phosphonic acid and Na 2 W0 4 and the pH of the 
reaction media was adjusted to 4.2-5 with aqueous NaOH. These changes allowed 
for the formation of epoxides from a-pinene, 1 -phenyl- 1 -cyclohexene, and indene, in 
high conversions and good selectivity (Scheme 2.3). 

Another highly efficient tungsten-based system for the epoxidation of alkenes was 
recently introduced by Mizuno and coworkers [20]. The tetrabutylammonium salt of 
a Keggin-type silicodecatungstate [Y-SiW 1 o0 3 4(H 2 0) 2 ] 4 " (Scheme 2.4) was found to 
catalyze the epoxidation of various alkene substrates using aqueous hydrogen perox- 
ide as the terminal oxidant. The characteristics of this system are very high epoxide 
selectivity (99%) and excellent efficiency in the use of the terminal oxidant (99%). 
Terminal- as well as di-and tri-substituted alkenes were all epoxidized in high yields 
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R 3 1 .5 equiv. H 2 2 (35% aq) R 3 Q 



r^ PW 4 24 [CH 3 (/7-C 8 H 17 ) 3 N] (2-2.6 mol%) r1 
Na 2 W0 4 x 2H 2 (0-7 mol%) 
NH 2 CH 2 P0 3 H (2-7 mol%) 
pH = 4.2-5 (NaOH addition) 
60 °C, 2-4 h 



Y\ 




97% conversion 
83% selectivity 



96% conversion 
68% selectivity 




83% conversion 
92% selectivity 



Scheme 2.3 



within reasonably short reaction times using 0.16 mol% catalyst (1.6 mol% in tung- 
sten, Scheme 2.4). The X-ray structure of the catalyst precursor revealed 10 tungsten 
atoms connected to a central Si0 4 unit. In situ infrared spectroscopy of the reaction 
mixture during the epoxidation reaction indicated high structural stability of the cat- 
alyst. Furthermore, it was demonstrated that the catalyst can be recovered and reused 
up to 5 times without loss of activity or selectivity (epoxidation of cyclooctene). Inter- 
estingly, the often encountered problem with hydrogen peroxide decomposition was 
negligible using this catalyst. The efficient use of hydrogen peroxide (99%) com- 
bined with the high selectivity and productivity in propylene epoxidation opens up 
industrial applications. 




H2O5 (30% aq, 1mmol» 



Y\ 

r* [r-SiW 10 O34<H2O)j] (Bu,N>4 <8 M mol) R 1 R* 



(5 mmol} CH 3 CM (6 mLJ, 32°C 



* H ^ CX /b 



t-f-SiW^O^H^tel 4 - 
Scheme 2.4 



90% yield 90% yield 95% yield »99% yield 

>99% selectivity 99% selectivity >99% selectivity 99% selectivity 



The use of molybdenum catalysts in combination with hydrogen peroxide is not 
as common as for tungsten catalysts. There are, however, a number of examples 
where molybdates have been employed for the activation of hydrogen peroxide. 
A catalytic amount of sodium molybdate in combination with mono-dentate ligands 
(e.g., hexa-alkyl phosphorus triamides or pyridine-N-oxides), and sulfuric acid al- 
lowed for the epoxidation of simple linear or cyclic alkenes [21]. The selectivity ob- 
tained using this method was quite low, and significant amounts of diols were 
formed, even though highly concentrated hydrogen peroxide (>70%) was employed. 

More recently, Sundermeyer and coworkers reported on the use of long-chain 
trialkylamine oxides, trialkylphosphane oxides or trialkylarsane oxides as mono-den- 
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tate ligands for neutral molybdenum peroxo complexes [22]. These compounds were 
employed as catalysts for the epoxidation of 1-octene and cyclooctene with aqueous 
hydrogen peroxide (30%), under biphasic conditions (CHC1 3 ). The epoxide products 
were obtained in high yields with good selectivity. The high selectivity achieved using 
this method was ascribed to the high solubility of the product in the organic phase, 
thus protecting the epoxide from hydrolysis. This protocol has not been employed 
for the formation of hydrolytically sensitive epoxides and the generality of the 
method can thus be questioned. 

2.4.2 

Heterogeneous Catalysts 

One problem associated with the above described peroxotungstate catalyzed epoxida- 
tion system, is the separation of the catalyst after the completed reaction. To over- 
come this obstacle, efforts to prepare heterogeneous tungstate catalysts have been 
conducted. De Vos and coworkers employed W-catalysts derived from sodium tung- 
state and layered double hydroxides (LDH - coprecipitated MgCl 2 , A1C1 3 and NaOH) 
for the epoxidation of simple alkenes and allyl alcohols with aqueous hydrogen per- 
oxide [23]. They found that depending on the nature of the catalyst (either hydrophi- 
lic or hydrophobic catalysts were used), different reactivities and selectivities were 
obtained for non-polar and polar alkenes, respectively. The hydrophilic LDH-W0 4 
catalyst was particularly effective for the epoxidation of allyl and homo-allyl alcohols, 
whereas the hydrophobic catalyst (containing p-toluensulfonate) showed better reac- 
tivity with non-functionalized substrates. 

Gelbard and coworkers have reported on the immobilization of tungsten-catalysts 
using polymer-supported phosphine oxide, phosphonamide, phosphoramide and 
phosphotriamide ligands [24]. Employing these heterogeneous catalysts together 
with hydrogen peroxide for the epoxidation of cyclohexene resulted in moderate to 
good conversion of the substrate, although in most cases low epoxide selectivity was 
observed. A significantly more selective heterogeneous catalyst was obtained by Ja- 
cobs and coworkers upon treatment of the macroreticular ion-exchange resin Amber- 
lite IRA-900 with an ammonium salt of the Venturello anion {P0 4 [WO(0 2 ) 2 ]4} 3 " [25]. 
The catalyst formed was used for the epoxidation of a number of terpenes, and high 
yields and good selectivity of the corresponding epoxides were achieved. 

In a different strategy, siliceous mesoporous MCM-41 based catalysts were pre- 
pared. Quaternary ammonium salts and alkyl phosphoramides, respectively, were 
grafted onto MCM-41 and the material obtained was treated with tungstic acid for 
the preparation of heterogeneous tungstate catalysts. The catalysts were employed in 
the epoxidation of simple cyclic alkenes with aqueous hydrogen peroxide (35%) as 
the terminal oxidant, however conversion and selectivity for the epoxide formed was 
rather low. In the case of cyclohexene, the selectivity could be improved by the addi- 
tion of pyridine. The low tungsten leaching (< 2 %) is certainly advantageous using 
these catalysts. 

A particularly interesting system for the epoxidation of propylene to propylene 
oxide, working under pseudo-heterogeneous conditions, was reported by Zuwei and 
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Scheme 2.5 



H 2 2 (30% aq) 
[P0 4 (W0 3 ) 4 ] 3 - »- [P0 4 (W(0)2(0 2 ) 4 ] 3 - 

, , , toluene:(BuO) 3 P(0) , ., 

insoluble 4.3 soluble 



OM, 



91% conversion 
97% selectivity 



coworkers [26]. The catalyst, which was based on the Venturello anion combined 
with long-chain alkylpyridinium cations, showed unique solubility properties. In the 
presence of hydrogen peroxide the catalyst was fully soluble in the solvent, a 4 : 3 
mixture of toluene and tributylphosphate, but when no more oxidant remained, the 
tungsten catalyst precipitated and could simply be removed from the reaction mix- 
ture (Scheme 2.5). Furthermore, this epoxidation system was combined with the 
2-ethylanthraquinone (EAQ)/2-ethylanthrahydroquinone (EAHQ) process for hydro- 
gen peroxide formation (Scheme 2.6), and good conversion and selectivity were ob- 
tained for propylene oxide in three consecutive cycles. The catalyst was recovered by 
centrifugation in between every cycle, and used directly in the next reaction. 




/""^ + H 2 



2 u 2 



W-catalyst 



OH 
EAHQ 

*■ H 2 2 + EAQ 
/<? + H 2 



(2) 
(3) 



Net reaction 

/^ + H 2 + 2 



/<J +H 2 



(4) 



W-catalyst = [P0 4 (W0 3 ) 4 ] 3 - 3 



O e i 



Scheme 2.6 



2.5 

Manganese-catalyzed Epoxidations 



Historically, the interest in using manganese complexes as catalysts for the epoxida- 
tion of alkenes comes from biologically relevant oxidative manganese porphyrins. 
The terminal oxidants compatible with manganese porphyrins were initially re- 
stricted to iodosylbenzene, sodium hypochlorite, alkyl peroxides and hydroperoxides, 
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N-oxides, KHSO s and oxaziridines. Molecular oxygen can also be used in the pre- 
sence of an electron source. The use of hydrogen peroxide often results in oxidative 
decomposition of the catalyst due to the potency of this oxidant. However, the intro- 
duction of chlorinated porphyrins (1) (Scheme 2.7) allowed for hydrogen peroxide to 
be used as the terminal oxidant [27]. These catalysts, discovered by Mansuy and co- 
workers, were demonstrated to resist decomposition, and when used together with 
imidazole or imidazolium carboxylates as additives, efficient epoxidation of alkenes 
were achieved (Table 2.3, entries 1 and 2). 




Scheme 2.7 



Tab. 2.3 Manganese-porphyrin catalyzed epoxidation of c/s-cyclooctene using aqueous H 2 2 
(30%) 



Entry Catalyst 



Additive 



Temp. (°C) Time (min) Yield (%) 



1 


1 2.5 mol% 


imidazole (0.6 equiv.) 


20 


45 


90 


2 


1 0.5 mol% 


N-hexyl-imidazole (0.5 mol%) 
benzoic acid (0.5 mol%) 





15 


100 


3 


2 0.1 mol% 


- 





3 


100 



The observation that imidazoles and carboxylic acids significantly improved the 
epoxidation reaction led to the development of Mn-porphyrin complexes containing 
these groups covalently linked to the porphyrin platform as attached pendant arms 
(2) [28]. When these catalysts were employed in the epoxidation of simple alkenes 
with hydrogen peroxide, enhanced oxidation rates in combination with perfect pro- 
duct selectivity was obtained (Table 2.3, entry 3). In contrast to epoxidations catalyzed 
by other metals, the Mn-porphyrin system yields products with scrambled stereo- 
chemistry. For example, the epoxidation of cis-stilbene using Mn(TPP)Cl (TPP = 
tetraphenylporphyrin) and iodosylbenzene, generated cis- and trans-stilbene oxide in 
a ratio of 35 : 65. The low stereospecificity was improved using heterocyclic additives, 
such as pyridines or imidazoles. The epoxidation system using hydrogen peroxide as 
the terminal oxidant, was reported to be stereospecific for cis-alkenes, whereas trans- 
alkenes are poor substrates with these catalysts. 

A breakthrough for manganese epoxidation catalysts came at the beginning of the 
1990s when the groups of Jacobsen and Katsuki simultaneously discovered that 
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chiral Mn-salen complexes (3) catalyzed the enantioselective formation of epoxides 
[29-31]. The discovery that simple non-chiral Mn-salen complexes could be used as 
catalysts for alkene epoxidation had already been established about 5 years earlier, 
and the typical terminal oxidants used with these catalysts closely resemble those of 
the porphyrin systems [32]. In contrast to the titanium-catalyzed asymmetric epoxi- 
dation discovered by Sharpless, the Mn-salen system does not require pre-coordina- 
tion of the alkene substrate to the catalyst, hence unfunctionalized alkenes could effi- 
ciently and selectively be oxidized. The enantioselectivity was shown to be highly 
sensitive towards the substitution pattern of the alkene substrate. Excellent selectiv- 
ity (>90% ee) was obtained for aryl- or alkynyl-substituted terminal-, cis-di-substi- 
tuted- and tri-substituted alkenes, whereas trans-di-substituted alkenes were epoxi- 
dized with low rates and low ee (<40%). The typical oxidant used in Mn-salen asym- 
metric epoxidations is NaOCl, however, recent work by the groups of Berkessel and 
Katsuki have opened up the possibility of hydrogen peroxide being employed [33, 34]. 
Berkessel found that imidazole additives were crucial for the formation of the active 
oxo-manganese intermediates, and an Mn-catalyst (4) based on a salen ligand incor- 
porating a pendant imidazole was used for the asymmetric epoxidation using aqu- 
eous H 2 2 . Yields and enantioselectivity did not, however, reach the levels obtained 
when other oxidants were used. In the work of Katsuki, imidazole was present as an 
additive in the reaction mixture containing a sterically hindered Mn-salen catalyst 
(5) (Scheme 2.8). In this way, high enantioselectivity could be obtained, although the 
catalytic activity was not as effective, and the epoxides were formed in low yields. 

Considerably better ee values and yields were obtained when ammonium acetate 
(20 mol%) was used as an additive with the Jacobsen-catalyst (3) [35]. A major pro- 
blem with the use of hydrogen peroxide in the Mn-salen catalyzed reactions is asso- 
ciated with catalyst deactivation due to the presence of water. Anhydrous hydrogen 
peroxide, either in the form of the urea/H 2 2 adduct or in the triphenylphosphine 
oxide/H 2 2 adduct, have been employed to circumvent this problem [36, 37]. 
Although epoxide yield and enantioselectivity are in the range of what can be ob- 
tained using NaOCl, the catalyst loading is significantly higher, and the removal of 
urea or Ph 3 PO constitute an additional problem. 

Apart from porphyrin and salen catalysts, manganese complexes of N-alkylated 
1,4,7-triazacyclononane (e. g., TMTACN, 6) have been found to catalyze the epoxida- 
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tion of alkenes efficiently in the presence of acid additives (typically oxalic, ascorbic 
or squaric acid) and hydrogen peroxide [38-40]. Reactions performed without any 
acid present required a huge excess (ca. 100 equiv.) of hydrogen peroxide for efficient 
epoxidation. The rather difficult preparation of the TACN ligands has led to an in- 
creased activity in order to find alternative ligands with similar coordinating proper- 
ties. In this respect, pyridyl-amine ligands represent an interesting alternative. Fer- 
inga and coworkers found that the dinuclear manganese complex 8 (Scheme 2.9), 
prepared from the tetra-pyridyl ligand 7, was an efficient catalyst for the epoxidation 
of simple alkenes [41]. Only 0.1 mol% of the catalyst (8) was required for high level 
of conversion (87%) of cyclohexene into its corresponding epoxide. An excess of aqu- 
eous hydrogen peroxide (8 equiv.) was used due to the usual problem of peroxide de- 
composition in the presence of manganese complexes. 



6 

Scheme 2.9 
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In a recent screening of various metal salts, Lane and Burgess found that simple 
manganese(II) and -(III) salts catalyzed the formation of epoxides in DMF (N,N'-di- 
methylformamide) or 'BuOH, using aqueous hydrogen peroxide (Scheme 2.10) [42]. 
It was further established that the addition of bicarbonate was of importance for the 
epoxidation reaction. 



,4 H 2 O 2 (30%aq) 

3 MnS0 4 (1 mol%) 

0.2 M NaHC0 3 pH 8.0 
DMF or f-BuOH 



R 4 



Scheme 2.10 



Using spectroscopic methods, it was established that peroxymonocarbonate 
(HCO4) is formed on mixing hydrogen peroxide and bicarbonate [43]. In the absence 
of the metal-catalyst, the oxidizing power of the peroxymonocarbonate formed in situ 
with respect to its reaction with alkenes was demonstrated to be moderate. In the in- 
itial reaction setup, this MnS0 4 -catalyzed epoxidation required a considerable excess 
of hydrogen peroxide (10 equiv.) for efficient formation of the epoxide. Considering 
the scope of the reaction, it was found that electron-rich substrates such as di-, tri- 
and tetra-substituted alkenes were giving moderate to good yields of their corre- 
sponding epoxides. Styrene and styrene derivatives were also demonstrated to react 
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Tab. 2.4 Manganese sulfate catalyzed epoxidation of alkenes using aqueous H 2 2 (30%) a 
Alkene 




No additive 


SalicyL 
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Conditions according to Scheme 2.5. Isolated yields. 



smoothly, whereas mono-alkyl substituted substrates were completely unreactive un- 
der these conditions. The basic reaction medium used was very beneficial for pro- 
duct protection, hence, acid sensitive epoxides were formed in good yields. Different 
additives were screened in order to improve this epoxidation system, and it was 
found that the addition of sodium acetate was beneficial for reactions performed in 
'BuOH. Similarly, the addition of salicylic acid improved the outcome of the reaction 
performed in DMF. The use of these additives efficiently reduced the number of hy- 
drogen peroxide equivalents necessary for a productive epoxidation (Table 2.4). The 
reaction is not completely stereospecific, since the epoxidation of cis-4-octene yielded 
a cis I trans mixture of the product (1 : 1.45 without additive and 1:1.1 in the presence 
of 4 mol% salicylic acid). 

The use of the ionic liquid [bmim][BF 4 ] further improved the Burgess epoxidation 
system [44]. Chan and coworkers found that replacing sodium bicarbonate with tet- 
ramethylammonium bicarbonate and performing the reaction in [bmim][BF 4 ] al- 
lowed for efficient epoxidation of a number of different alkenes, including substrates 
leading to acid labile epoxides [e. g., dihydronaphthalene (99% yield) and 1-phenylcy- 
clohexene (80% yield)]. 



2.6 

Rhenium-catalyzed Epoxidations 



The use of rhenium-based systems for the epoxidation of alkenes has increased con- 
siderable during the last 10 years [45, 46]. In 1989, Jorgensen stated that "the cataly- 
tic activity of rhenium in epoxidation reactions is low". The very same year, a few 
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patents were released describing the use of porphyrin complexes containing rhe- 
nium as catalysts for the production of epoxides. The first major breakthrough, how- 
ever, came in 1991 when Herrmann introduced methyltrioxorhenium (MTO, 9, 
Scheme 2.11) as a powerful catalyst for alkene epoxidation, using hydrogen peroxide 
as the terminal oxidant [47]. This organometallic rhenium compound, formed in 
tiny amounts in the reaction between (CH 3 ) 4 ReO and air, was first detected by Beat- 
tie and Jones in 1979 [48]. 

A more reliable method for the preparation of MTO was introduced by Herrmann 
and coworkers in 1988 [49]. In this process, dirhenium heptoxide, Re 2 7 , was al- 
lowed to react with tetramethyltin, forming MTO and an equimolar amount of tin 
perrhenate. The maximum yield in this reaction was only 50% relative to the initial 
rhenium, and in order to improve this procedure, a more efficient route towards 
MTO was developed. Hence, treatment of Re 2 7 with trifluoroacetic anhydride in 
acetonitrile generated CF 3 C0 2 Re0 3 quantitatively, which upon further reaction with 
MeSn(Bu) 3 gave MTO in high yield (95%) [50, 51]. The main advantage when using 
this route, apart from an efficient use of the rhenium source, is the replacement of 
the rather unpleasant tetramethyltin reagent with the more easily accessible alkyl- 
Sn(Bu) 3 . This procedure is also compatible with the formation of other RRe0 3 com- 
pounds, for example ethyltrioxorhenium (ETO). 

An additional route towards MTO proceeds via the treatment of perrhenates with 
trialkylsilyl chloride to generate ClRe0 3 , followed by reaction with (CH 3 ) 4 Sn to form 
MTO in almost quantitative yield [52]. Today, there is a whole range of organorhe- 
nium oxides available, and they can be considered as one of the best examined 
classes of organometallic compounds [53, 54]. From a catalytic point of view, how- 
ever, MTO is one of few organorhenium oxides that have been shown to effectively 
act as a catalyst in epoxidation reactions. Regarding the physical properties of orga- 
norhenium oxides, MTO shows the greatest thermal stability (decomposing at 
>300°C), apart from the catalytically inert 18e (n 5 -C 5 Me 5 )Re0 3 complex Further- 
more, the high solubility of MTO in virtually any solvent from pentane to water 
makes this compound particular attractive for catalytic applications. 
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The 14 e compound MTO readily forms coordination complexes of the type MTO-L 
and MTO-L 2 with anionic and uncharged Lewis bases [55]. These yellow adducts are 
typically 5- or 6-coordinate complexes and the Re-L system is highly labile. Apart 
from their fast hydrolysis in wet solvents, MTO-L adducts are much less thermally 
stable than MTO itself. For instance, the pyridine adduct of MTO decomposes even 
at room temperature. In solution, methyltrioxorhenium displays high stability in 
acidic aqueous media, albeit under increased hydroxide concentration its decomposi- 
tion is strongly accelerated [56, 57]. Thus, under basic aqueous conditions MTO is de- 
composing according to Scheme 2.12: 
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CH 3 Re0 3 + H 2 *■ CH 4 + Re0 4 " + H + Scheme 2.12 

This decomposition is, however, rather slow and does not influence the use of 
MTO in catalysis to any greater extent. 

For catalytic applications, perhaps the most important feature of MTO is its beha- 
vior in activating hydrogen peroxide. Upon treatment of MTO with hydrogen perox- 
ide there is a rapid equilibrium taking place according to Scheme 2.13. 

MTO reacts with hydrogen peroxide to form a mono-peroxo complex (A) which 
undergoes further reaction to yield a bis-peroxorhenium complex (B). The formation 
of the peroxo complexes is evident from the appearance of an intensive yellow color 
of the solution. Both peroxo complexes (A and B) have been detected by their methyl 
resonances using X H and 13 C NMR spectroscopy. Furthermore, the structure of the 
bis-peroxo complex B has been determined by crystallography [58]. In solution, B is 
the most abundant species in the equilibrium, suggesting that this is the thermody- 
namically most stable peroxo complex. The coordination of a water molecule to B 
has been established by NMR spectroscopy, however no such coordination has been 
observed for A, indicating either no coordinated water or high lability of such a 
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ligand. The protons of the coordinated water molecule in B are highly acidic, and 
this has important implications for the epoxidation reaction (see below). As regards 
catalytic activity, however, it has been demonstrated that both complexes are active as 
oxygen-transfer species. Whereas decomposition of the MTO catalyst under basic 
conditions is often negligible, the presence of hydrogen peroxide completely changes 
the situation. The combination of basic media and H 2 2 rapidly induces an irreversi- 
ble decomposition of MTO according to Scheme 2.14, and this deleterious side reac- 
tion is usually a great problem in the catalytic system. 



H 2 2 

CH 3 Re0 3 *- HORe0 3 -2py + CH 3 OH Scheme 2.14 

Pyridine 



In this oxidative degradation, MTO is decomposing into catalytically inert perrhe- 
nate and methanol. The decomposition reaction is accelerated at higher pH, presum- 
ably through the reaction between the more potent nucleophile HO2 and MTO. The 
decomposition of MTO occurring under basic conditions is rather problematic, since 
the selectivity for epoxide formation certainly profits from the use of non-acidic con- 
ditions. 
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2.6.1 

MTO as an Epoxidation Catalyst - Original Findings 

The rapid formation of peroxo-complexes in the reaction between MTO and hydro- 
gen peroxide makes this organometallic compound useful as an oxidation catalyst. 
In the original report on alkene epoxidation using MTO, Herrmann and coworkers 
employed a prepared solution of hydrogen peroxide in tert-butanol as the terminal 
oxidant. This solution was prepared by mixing tert-butanol and aqueous hydrogen 
peroxide followed by the addition of anhydrous MgS0 4 . After filtration, this essen- 
tially water-free solution of hydrogen peroxide was used in the epoxidation reactions. 
It was further reported that MTO, or rather its peroxo-complexes were stable for 
weeks in this solution if kept at low temperatures (below °C). As seen above, later 
studies by Espenson revealed the instability of MTO in hydrogen peroxide solutions. 
Epoxidation of various alkenes using 0.1-1 mol% of MTO and the H 2 2 /'BuOH so- 
lution generally resulted in high conversion into epoxide, but a significant amount 
of traws-l,2-diol was often formed via ring opening of the epoxide. The reason for 
using "anhydrous" hydrogen peroxide was of course an attempt to avoid the latter 
side-reaction; however, since hydrogen peroxide generates water upon reaction with 
MTO it was impossible to work under strictly water- free conditions. The ring open- 
ing process can either be catalyzed directly by MTO, due to the intrinsic metal Lewis 
acidity, or simply by protonation of the epoxide. To overcome this problem, Herr- 
mann used an excess of amines (e.g., 4,4'-dimethyl-2,2'-bipyridine, quinine and 
cinchonine) which would coordinate to the metal and thus suppress the ring open- 
ing process [59]. This resulted in better selectivity for the epoxide, at the expense of 
decreased, or in some cases completely inhibited, catalytic activity. In an attempt to 
overcome the problems with low selectivity for epoxide formation and the decreased 
catalytic activity obtained using amine additives, Adam introduced the urea/hydro- 
gen peroxide (UHP) adduct as the terminal oxidant for the MTO-catalyzed system 
[60]. This resulted in substantially better selectivity for several olefins, although sub- 
strates leading to highly acid-sensitive epoxides still suffered from deleterious ring 
opening reactions. 

2.6.2 

The Influence of Heterocyclic Additives 

The second major discovery for the use of MTO as an epoxidation catalyst came in 
1996, when Sharpless and coworkers reported on the use of sub-stoichiometric 
amounts of pyridine as co-catalysts in the system [61]. The switch of solvent from 
tert-butanol to dichloromethane, and the introduction of 12 mol% of pyridine al- 
lowed for the synthesis of even very sensitive epoxides using aqueous hydrogen per- 
oxide as the terminal oxidant. A significant rate-acceleration was also observed for 
the epoxidation reaction performed in the presence of pyridine. This discovery was 
the first example of an efficient MTO-based system for epoxidation under neutral-to- 
basic conditions. Under these conditions the detrimental acid-induced decomposi- 
tion of the epoxide is effectively avoided. Employing this novel system, a variety of 
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alkene-substrates were converted into their corresponding epoxides in high yields 
and with high epoxide selectivity (Scheme 2.15 and Table 2.5). 

The increased rate of epoxidation observed using pyridine as an additive has been 
studied by Espenson and Wang and was to a certain degree explained as an acceler- 
ated formation of peroxorhenium species in the presence of pyridine [62]. A stabili- 
zation of the rhenium-catalyst through pyridine coordination was also detected, 
although the excess of pyridine required in the protocol unfortunately led to in- 
creased catalyst deactivation. As can be seen above, MTO is stable under acidic con- 
ditions but at high pH an accelerated decomposition of the catalyst into perrhenate 
and methanol occurs. The Bronsted basicity of pyridine leads to increased amounts 
of HOJ which speeds up the formation of the peroxo-complexes and the decomposi- 
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Tab. 2.5 MTO-catalyzed epoxidation of alkenes using H 2 2 



Alkene 



No additive 



Pyridine' 1 



3-Cyanopyridine c Pyrazole c 





90(5) 


96(6) 






100 (2) c 


99(2) 




89 (0.02 




84 (16) 


96 (5)' 


96(5) 


48 (37) 


96(5) 








82(6) 


74(1.5) d 


93 (1.5) 




98(1) 


96 (l) d 


95(1) 


95(2) 


91 (24) 


97 (12) 




75 (72) 


82 (48) 


99 (14) 


99 (14) 



a Yield % (reaction time h). b Anhydrous H 2 2 in 'BuOH. c Aqueous H 2 2 (30%). d Pyridine and 
3-cyanopyridine (6 mol% of each). 



2.6 Rhenium-catalyzed Epoxidations 37 

tion of the catalyst. Hence, the addition of pyridine to the epoxidation system led to 
certain improvements regarding rate and selectivity for epoxide formation, at the ex- 
pense of catalyst lifetime. This turned out to be a minor problem for highly reactive 
substrates such as terra-, tri- and ds-di-substituted alkenes, since these compounds 
are converted into epoxides at a rate significantly higher than the rate for catalyst de- 
composition. Less electron-rich substrates such as terminal alkenes, however, react 
slower with electrophilic oxygen-transfer agents, and require longer reaction times 
to reach acceptable conversions. Using the pyridine (12 mol%) conditions did not 
fully convert either 1-decene or styrene, even after prolonged reaction times. 

A major improvement regarding epoxidation of terminal alkenes was achieved 
upon exchanging pyridine for its less basic analogue 3-cyanopyridine (pK a pyridine 
= 5.4; 3-cyanopyridine = 1.9) [63]. This improvement turned out to be general for a 
number of different terminal alkenes, regardless of the existence of steric hindrance 
in the a-position of the alkene or whether other functional groups were present in 
the substrate (Scheme 2.16). 
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Terminal alkenes leading to acid-labile epoxides were, however, not efficiently pro- 
tected using this procedure. This problem was solved by using a cocktail consisting of 
3-cyanopyridine and pyridine (5-6 mol% of each additive) in the epoxidation reaction. 
The additive 3-cyanopyridine was also successfully employed in epoxidation of trans- 
di-substiruted alkenes, a problematic substance class using the parent pyridine system 
[64]. In these reactions, the amount of the MTO catalyst could be reduced down to 
0.2-0.3 mol% with only 1-2 mol% of 3-cyanopyridine added. Again, acid sensitive 
epoxides were obtained using a mixture of 3-cyanopyridine and the parent pyridine. It 
should be pointed out that the pyridine additives do undergo oxidation reactions form- 
ing the corresponding pyridine- Noxides [65]. This will of course effectively decrease 
the amount of additive present in the reaction mixture. In fact, as pointed out by 
Espenson, the use of a pyridinium salt (mixture of pyridine and, e. g., acetic acid) can 
be more effective in protecting the additive from N-oxidation [62, 66]. This can be 
beneficial for slow reacting substrates, where N-oxidation would compete with alkene 
epoxidation. The Herrmann group introduced an improvement to the Sharpless sys- 
tem by employing pyrazole as an additive [67]. Compared with pyridine, pyrazole is a 
less basic heterocycle (pJ<C a = 2.5) and does not undergo N-oxidation by the MTO/ 
H 2 2 system. Furthermore, employing pyrazole as the additive allowed for the forma- 
tion of certain acid sensitive epoxides. With respect to which additive to choose, pyra- 
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zole is perhaps the most effective for the majority of alkenes, although for certain acid 
labile compounds, pyridine would be the preferred additive (Table 2.5) [68]. 

2.6.3 

The Role of the Additive 

The use of various heterocyclic additives in the MTO-catalyzed epoxidation has been 
demonstrated to be of great importance for substrate conversion, as well as for the 
product selectivity. Regarding the selectivity, the role of the additive is obviously to 
protect the product epoxides from deleterious, acid-catalyzed (Bransted or Lewis 
acid) ring opening reactions. This can be achieved by direct coordination of the het- 
erocyclic additive to the rhenium metal, thereby significantly decreasing the Lewis 
acidity of the metal. Also, the basic nature of the additives will increase the pH of the 
reaction media. 

Concerning the accelerating effects observed when pyridine or pyrazole is added 
to the MTO-system, a number of different suggestions have been made. One likely 
explanation is that the additives do serve as phase-transfer agents. Hence, when 
MTO is added to an aqueous H 2 2 solution, an immediate formation of the peroxo- 
complexes A and B (cf. Scheme 2.13) occurs, which is visualized by the intense 
bright yellow color of the solution. If a non-miscible organic solvent is added, the yel- 
low color is still present in the aqueous layer, but addition of pyridine to this mixture 
results in an instantaneous transfer of the peroxo-complexes into the organic phase. 
The transportation of the active oxidants into the organic layer would thus favor the 
epoxidation reaction, since the alkene concentration is significantly higher in this 
phase (Scheme 2.17). Additionally, the rate at which MTO is converted into A and B 
is accelerated when basic heterocycles are added. This has been attributed to the 
Bronsted-basicity of the additives, which increases the amount of peroxide anion pre- 
sent in the reaction mixture. A higher concentration of H0 2 ~ is, however, detrimen- 
tal to the MTO-catalyst, but the coordination of a Lewis base to the metal seems to 
have a positive effect in protecting the catalyst from decomposition. 
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2.6.4 

Other Oxidants 



While aqueous hydrogen peroxide is certainly the most practical oxidant for MTO- 
catalyzed epoxidations, the use of other terminal oxidants can sometimes be advanta- 
geous. As mentioned above the urea-hydrogen peroxide adduct has been employed 
in alkene epoxidations. The anhydrous conditions obtained using UHP improved 
the system by decreasing the amount of diol formed in the reaction. The absence of 
significant amounts of water further helped in preserving the active catalyst from de- 
composition. A disadvantage, however, is the poor solubility of UHP in many or- 
ganic solvents, which makes these reactions heterogeneous. 

Another interesting terminal oxidant which has been applied in MTO-catalyzed 
epoxidations is sodium percarbonate (SPC) [69]. The fundamental structure of SPC 
is composed of hydrogen peroxide encapsulated through hydrogen bonding in a ma- 
trix of sodium carbonate [70]. It slowly decomposes in water, and in organic solvents, 
to release hydrogen peroxide. The safety aspects associated with employing this oxi- 
dant are reflected in its common use as an additive to household washing detergents 
and toothpaste. When this "solid form" of hydrogen peroxide was employed in 
MTO-catalyzed (1 mol%) oxidation of a wide range alkenes, good yields of the corre- 
sponding epoxides were obtained. An essential requirement for a successful out- 
come of the reaction was the addition of an equimolar amount (with respect to the 
oxidant) of trifluoroacetic acid (TFA). In the absence of acid or with the addition of 
acetic acid, no or poor reactivity was observed. The role of the acid in this heteroge- 
neous system is to facilitate the slow release of hydrogen peroxide. Despite the pre- 
sence of acid, even hydrolytically sensitive epoxides were formed in high yields. This 
can be explained by an efficient buffering of the system by NaHC0 3 and C0 2 , 
formed in the reaction between TFA and SPC. The initial pH was measured to be 
2.5, but after 15 min a constant pH of 10.5 was established, ensuring protection of 
acid-sensitive products. 

Bis(trimethylsilyl) peroxide (BTSP) represents another form of "anhydrous" hy- 
drogen peroxide [71]. The use of strict anhydrous conditions in MTO-catalyzed al- 
kene epoxidations would efficiently eliminate problems with catalyst deactivation 
and product decomposition due to ring opening reactions. BTSP, which is the di-sily- 
lated form of hydrogen peroxide, has been used in various organic transformations 
[72]. On reaction, BTSP is converted into hexamethyldisiloxane, thereby assuring an- 
hydrous conditions. In initial experiments, MTO showed little or no reactivity to- 
wards BTSP under stoichiometric conditions [73]. This was very surprising, consider- 
ing the high reactivity observed for BTSP compared with hydrogen peroxide in the 
oxidation of sulfides to sulfoxides [74]. The addition of one equivalent of water to the 
MTO/ BTSP mixture, however, rapidly facilitated the generation of the active peroxo- 
complexes. This was explained by hydrolytic formation of H 2 2 from BTSP in the 
presence of MTO (Scheme 2.18). In fact, other proton sources proved to be equally 
effective in promoting this hydrolysis. Thus, under strict water- free conditions no 
epoxidation occurred when the MTO/BTSP system was used. The addition of trace 
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amounts of a proton source triggered the activation of BTSP and the formation of ep- 
oxides was observed. 

Under optimum conditions, MTO (0.5 mol%), water (5 mol%) and 1.5 equiv. of 
BTSP were used for efficient epoxide formation. The discovery of these essentially 
water-free epoxidation conditions led to another interesting breakthrough, namely 
the use of inorganic oxorhenium compounds as catalyst precursors [75]. The catalytic 
activity of rhenium compounds such as Re 2 7 , Re0 3 (OH) and Re0 3 in oxidation re- 
actions with aqueous hydrogen peroxide as the terminal oxidant is typically very 
poor. Attempts to form epoxides using catalytic Re 2 7 in 1,4-dioxane with H 2 2 
(60%) at elevated temperatures (90 °C) mainly yielded 1,2-diols [76]. However, when 
hydrogen peroxide was replaced by BTSP in the presence of a catalytic amount of a 
proton source, any of the inorganic rhenium oxides Re 2 7 , Re0 3 (OH) or Re0 3 were 
equally effective as MTO in alkene epoxidations. In fact, the use of Re0 3 proved to 
be highly practical, since this compound is hydrolytically stable as opposed to Re 2 7 . 
There are several benefits associated with these epoxidation conditions. The amount 
of BTSP used in the reaction can easily be monitored using gas chromatography. 
Furthermore, the simple work-up procedure associated with this protocol is very ap- 
pealing, since evaporation of the solvent (typically dichloromethane) and the formed 
hexamefhyldisiloxane yield the epoxide. 



Tab. 2.6 MTO-catalyzed epoxidation of alkenes with anhydrous H 2 2 , or in fluorous solvents 3 



Alkene 




UHP b SPC C BTSP" 1 UHP" H 2 2 r H 2 2 g 

ionic liquid CF 3 CH 2 OH (CF 3 ) 2 CHOH 



97 (18) 



94(2) 



99 (8) 99 (0.5) 

95 (8) 99 (1) 93 (1) 



44 (19) 96 (12) 



95(8) 



82(2) 



55 (21) h 91 (3) 

94(15) 94(14) 46(72) 97(21) 88 (24) 1 



a Yield % (reaction time h). b 1 mol% MTO. c 1 mol% MTO, 12 mol% pyrazole. d 0.5 mol% 
Re 2 7 . * 2 mol% MTO. ' 0.1 mol% MTO, 10 mol% pyrazole, 60% H 2 O z . g 0.1 mol% MTO, 
10 mol% pyrazole, 30% H 2 2 . Additional 26% of the diol was formed. ' 1-dodecene was used as 
substrate. 
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2.6.5 
Solvents/Media 

The high solubility of the MTO catalyst in almost any solvent opens up the options 
for a broad spectrum of reaction media to choose from when performing epoxida- 
tions. The most commonly used solvent, however, is still dichloromethane. From an 
environmental point of view this is certainly not the most appropriate solvent in 
large scale epoxidations. Interesting solvent effects for the MTO-catalyzed epoxida- 
tion were reported by Sheldon and coworkers, who performed the reaction in tri- 
fluoroethanol [77]. The change from dichoromethane to the fluorinated alcohol al- 
lowed for a further reduction of the catalyst loading down to 0.1 mol%, even for 
terminal alkene substrates. It should be pointed out that this protocol does require 
60% aqueous hydrogen peroxide for efficient epoxidations. 

Begue and coworkers recently reported on an improvement of this method by per- 
forming the epoxidation reaction in hexafluoro-2-propanol [78]. They found that the 
activity of hydrogen peroxide was significantly increased in this fluorous alcohol, as 
compared with trifluoroethanol, which allowed for the use of 30 % aqueous H 2 2 . 
Interestingly, the nature of the substrate and the choice of additive turned out to 
have important consequences for the lifetime of the catalyst. Cyclic di-substituted al- 
kenes were efficiently epoxidized using 0.1 mol% of MTO and 10 mol% pyrazole as 
the catalytic mixture; however, for tri-substituted substrates, the use of the additive 
2,2'-bipyridine turned out to be crucial for a high conversion (Scheme 2.19). The use 
of pyrazole in the latter case proved to be highly deleterious for the catalyst, as indi- 
cated by the loss of the yellow color of the reaction solution. This observation is cer- 
tainly contradictory, since more basic additives normally decrease the lifetime of the 
catalyst. The fact that full conversion of long-chain terminal alkenes was obtained 
after 24 h using pyrazole as the additive, and the observation that the catalyst was 
still active after this period of time, is very surprising considering the outcome with 
more functionalized substrates. To increase conversion for substrates which showed 
poor solubility in hexafluoro-2-propanol, trifluoromethylbenzene was added as a co- 
solvent. In this way, 1-dodecene was converted into its corresponding epoxide in 
high yield. 

The use of non-volatile ionic liquids as environmentally benign solvents has re- 
ceived significant attention in recent years. Abu-Omar and coworkers developed an 

R 2 R 2 

3 2 equiv. H 2 2 (aq) £,0 3 



R i ^ R ■ »- R i^U R 

MTO (0.1 mol%) 
pyrazole (10 mol%) 
hexafluoroisopropanol 
0°C, 1-24h 

O 

C 10 H 21 ^ HcA^ [j 

88% yield 80% yield 91% yield Scheme 2.19 
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efficient MTO-catalyzed epoxidation protocol using l-ethyl-3-methylimidazolium tet- 
rafiuoroborate, [emim]BF 4 , as the solvent and urea-hydrogen peroxide (UHP) as the 
terminal oxidant [79, 80]. A major advantage of this system is the high solubility of 
UHP, MTO and its peroxo-complexes, making the reaction media completely homo- 
geneous. Employing these essentially water-free conditions, high conversions and 
good epoxide-selectivity were obtained for the epoxidation of variously substituted al- 
kenes. Replacing UHP with aqueous hydrogen peroxide for the epoxidation of 1-phe- 
nylcyclohexene resulted in a poor yield of this acid sensitive epoxide, and instead the 
formation of the corresponding diol was obtained. A disadvantage of this system as 
compared with other MTO-protocols is the high catalyst loading (2 mol%) required 
for efficient epoxide formation. 

2.6.6 

Solid Support 

The immobilization of catalysts or catalyst precursors by solid supports in order to 
simplify reaction procedures and to increase the stability of the catalyst is a common 
technique to render homogeneous systems heterogeneous. The MTO catalyst can be 
transferred into polymeric material in a number of different ways. When a water so- 
lution of MTO is heated for several hours (ca. 70 °C), the formation of a golden co- 
lored polymeric material occurs. The composition of this organometallic polymer is 
[H 05 (CH3) 92ReO 3 ]. This polymeric form of MTO is non-volatile, stable to air and 
moisture, and insoluble in all non-coordinating solvents. It can be used as a catalyst 
precursor for epoxidation of alkenes, since it is soluble in hydrogen peroxide, where 
it reacts to form the peroxo-rhenium species. Of course, the "heterogeneous" prop- 
erty of this material is lost on usage, but from a storage perspective, the polymeric 
MTO offers some advantages. An immobilization of MTO can, however, easily be ob- 
tained by the addition of a polymeric material containing Lewis basic groups with 
the ability to coordinate to the rhenium center. A number of different approaches 
have been reported. Herrmann and coworkers described the use of poly(vinylpyri- 
dines) as the organic support, but the resulting MTO-polymer complex showed low 
catalytic activity. A serious drawback with this supported catalyst was the oxidation 
of the polymeric backbone leading to loss of the rhenium catalyst. 

In a recent improvement to this approach, poly(4-vinylpyridine) and poly(4-vinyl- 
pyridine) N-oxides were used as the catalyst carrier [81]. The MTO-catalyst obtained 
from 25 % cross-linked poly(4-vinylpyridine) proved to efficiently catalyze the forma- 
tion of even hydrolytically sensitive epoxides in the presence of aqueous hydrogen 
peroxide (30%). This catalyst could be recycled up to 5 times without any significant 
loss of activity. Attempts have been made to immobilize MTO with the use of either 
microencapsulation techniques, including sol-gel techniques, for the formation of 
silica bound rhenium compounds, and the attachment of MTO on silica tethered 
with polyethers. These approaches have provided catalysts with good activity using 
aqueous hydrogen peroxide as the terminal oxidant [83]. In the latter case, high se- 
lectivity for epoxide formation was also obtained for very sensitive substrates (e.g., 
indene). 
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An alternative approach to immobilization of the catalyst on a solid support is to 
perform the MTO-catalyzed epoxidation reactions in the presence of NaY zeolites. 
This technique has been employed by Malek and Ozin, and later by Bein et al, who 
used highly activated zeolites for the preparation of NaY/MTO using vacuum subli- 
mation [84, 85]. More recently, Adam and coworkers found a significantly simpler 
approach towards this catalyst. The active catalyst was formed by mixing unactivated 
NaY zeolite with hydrogen peroxide (85 %) in the presence of MTO and the substrate 
alkene [86]. Using this catalytic mixture, various alkenes were transformed into their 
corresponding epoxides, without the formation of diols (typical diol formation was 
<5%). The MTO catalyst is positioned inside the 12 A supercages of the zeoliteY, 
hence the role of the zeolite is to act as an absorbent for the catalyst and to provide 
heterogeneous microscopic reaction vessels for the reaction. The supernatant liquid 
was demonstrated to be catalytically inactive, even if Lewis bases (pyridine) were pre- 
sent. The high selectivity for epoxide formation was attributed to inhibition of the 
Lewis acid mediated hydrolysis of the product by means of steric hindrance. 

Recently, Omar Bouh and Espenson reported that MTO supported on niobia cata- 
lyzed the epoxidation of various fatty oils using UHP as the terminal oxidant [87]. 
Oleic acid, elaidic acid, linoleic acid and linolenic acid were all epoxidized in high 
yields (80-100%) within less than 2 h. Furthermore, it was demonstrated that the 
catalyst could be recovered and reused without loss of activity. 

2.6.7 

Asymmetric Epoxidations Using MTO 

The MTO-based epoxidation system offers a particularly effective and practical route 
for the formation of racemic epoxides. Attempts to prepare chiral MTO-complexes 
and to employ them in the catalytic epoxidation have so far been scarce and the few 
existing reports are unfortunately quite discouraging. In the epoxidation of ds-(3- 
methylstyrene with MTO and hydrogen peroxide, in the presence of the additive 
(S)-l-(N,N-dimethyl)phenylethylamine, an enantiomeric excess of 86% of the pro- 
duct has been claimed [88]. The epoxides from other substrates such as styrene and 
1-octene were obtained in significantly lower enantioselectivity (13% ee). Further- 
more, the MTO-catalyzed epoxidation of 1-methylcyclohexene with L-prolineamide, 
(+)-2-aminomethylpyrrolidine or (i?)-l-phenylethylamine as additives was reported 
to yield the product in low yield and enantioselectivity (up to 20% ee) [89]. A signifi- 
cant amount of the diol was formed in these reactions. Hence, a general protocol for 
the enantioselective formation of epoxides using rhenium catalysts is still lacking. 
There would certainly be a breakthrough if such a system could be developed, con- 
sidering the efficiency of the MTO-catalyzed epoxidation reactions using hydrogen 
peroxide as the terminal oxidant. 
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2.7 



Iron-catalyzed Epoxidations 

The use of iron salts and complexes for alkene epoxidation is in many respects simi- 
lar to that of manganese catalysts. Thus, iron porphyrins can be used as epoxidation 
catalysts, but often conversion and selectivity are inferior to what is obtained with its 
manganese counterpart. The possibilities of using hydrogen peroxide efficiently as 
the terminal oxidant are limited due to the rapid decomposition of the oxidant cata- 
lyzed by iron. Traylor and coworkers, however, found conditions where a polyfluori- 
nated Fe(TPP)-catalyst (10) (Scheme 2.20) was employed in the epoxidation of cy- 
clooctene to yield the corresponding epoxide in high yield (Scheme 2.21) [90]. High 
catalyst loading (5 mol%) and slow addition of the oxidant were required, which cer- 
tainly limits the usefulness of this procedure. 
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Scheme 2.21 



Recently, a number of iron complexes with biomimetic non-heme ligands were in- 
troduced as catalysts for alkane hydroxylation, alkene epoxidation and dihydroxyla- 
tion. These complexes were demonstrated to activate hydrogen peroxide without the 
formation of free hydroxyl radicals, a feature commonly observed in iron oxidation 
chemistry. A particularly efficient catalytic system for selective epoxidation of alkenes 
was developed by Jacobsen and coworkers [91]. In this protocol, a tetradentate ligand 
[BPMEN = N,N'-dimethyl-N,N'-bis(2-pyridylmethyl)-diaminoethane, 11] was com- 
bined with an iron(II) precursor and acetic acid to yield a self-assembled u-oxo, car- 
boxylate-bridged diiron(III) complex (12). This dimeric iron complex, resembling the 
active site found in the hydroxylase methane monooxygenase (MMO), was demon- 
strated to epoxidize alkenes efficiently in the presence of aqueous hydrogen peroxide 
(50 %). This catalyst turned out to be particularly active for the epoxidation of terminal 
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alkenes, which are normally the most difficult substrates to oxidize. Thus, 1-dodecene 
was transformed into its corresponding epoxide in 90 % yield after 5 min using 
3 mol% of the catalyst. This system was also effective for the epoxidation of other sim- 
ple non-terminal alkenes, such as cyclooctene and trans-5-decene (Scheme 2.22). 

1.5 equiv. H 2 2 (aq) / \ 

f=\ »- /—\ 

R 1 R 2 11 + Fe(CH 3 CN) (SbF 6 ) 2 (3 tnol%) R 1 R 2 
Acetic acid (30 mol%) 
CH 3 CN 
4°C, 5 min 



C8H17 ^ C10H21 "^ f j^ ^ C4Hg 




85% yield 90% yield 76% yield 86% yield 87% yield 

Scheme 2.22 

Que and coworkers reported on a similar monomeric iron-complex, formed with 
the BPMEN ligand but excluding acetic acid [92]. This complex was able to epoxidize 
cyclooctene in reasonably good yield (75%), but at the same time a small amount of 
the cis-diol (9%) was formed. The latter feature observed with this class of complexes 
has been further studied and more selective catalysts have been prepared. Even 
though poor conversion is often obtained with the current catalysts, this method re- 
presents an interesting alternative to other cis-dihydroxylation systems [93, 94]. 
Using similar chiral ligands based on 1,2-diaminocyclohexane resulted in complexes 
which were able to catalyze the formation of epoxides in low yields and in low enan- 
tioselectivity (0-12% ee). The simultaneous formation of ds-diols was occurring 
with significantly better enantioselectivity (up to 82% ee), however, these products 
were also obtained in low yields. 

Using high throughput screening techniques, Francis and Jacobsen discovered a 
novel iron-based protocol for the preparation of enantiomerically enriched epoxides 
[95]. In this system, chiral complexes prepared from polymer-supported peptide-like 
ligands and iron(II) chloride were evaluated as catalysts for the epoxidation of trans- 
P-methylstyrene employing aqueous hydrogen peroxide (30%) as the terminal oxi- 
dant. The best polymer-supported catalysts yielded the corresponding epoxide in up 
to 78% conversion with enantioselectivity ranging from 15 to 20% ee. Employing a 
homogeneous catalyst derived from this combinatorial study, trans- P-methylstyrene 
was epoxidized in 48% ee after 1 h (100% conversion, 5 mol% catalyst, 1.25 equiv. 
50% hydrogen peroxide in ( BuOH) (Scheme 2.23). 



1.25 equiv. H 2 2 (50%) 

II 



13(5mol%), 'BuOH, 1h 
Scheme 2.23 
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2.8 

Concluding Remarks 

The epoxidation of alkenes using transition-metal based catalysts is certainly a well 
studied reaction. There are, however, only a few really good and general systems 
working with environmentally benign oxidants (i.e., aqueous hydrogen peroxide). 
A comparison of the efficiencies obtained with catalysts described in this chapter is 
presented in Table 2.7. 



Tab. 2.7 Transition metal-catalyzed epoxidation of alkenes using H2O2 as terminal oxidant 



Catalyst 


S/C 


Solvent 


Temp. 


1-Alkene B 


Cyclooctene 


Ref. 








(°Q 


yield (%)/TOF (h~ r ) 


yield (%)/TOF (h~ 


') 


Ti a 


100 


MeOH 


25 


74/108 h 


- 


P] 


W b 


50/500 


toluene 


90 


91/12 


98/122 


[17] 


Mo c 


100/200 


CH 2 C1 2 


60 


96/4 


100/100 


[22] 


Mn d 


100 


DMF 


25 


- 


67/4 


[43] 


Re e 


200 


CH 2 C1 2 


25 


99/14 


89/8900 


[67] 


Re e 


1000 


CF 3 CH 2 OH 


25 


97/48 


99/990 


[77] 


Fe f 


33 


CH 3 CN 


4 


85/337 


86/341 


[91] 



"TS-1. b Na 2 W0 4 , NH 2 CH 2 P0 3 H 2 , (C 8 H 17 ) 3 NCH^HS04. c MoO s (OAs(C 12 H 25 ) 3 . d MnS0 4 . 
e MTO, pyrazole. 12. g 1-decene. 1-octene. 



It is evident from the content of this chapter that there are advantages and limita- 
tions with almost all available epoxidation systems. The environmentally attractive 
TS-1 system is highly efficient, but restricted to linear substrates. The various tung- 
sten systems available efficiently produce epoxides from simple substrates, but acid 
sensitive products undergo further reactions, thus effectively reducing the selectivity 
of the process. MTO is a highly active epoxidation catalyst, and when combined with 
heterocyclic additives, even hydrolytically sensitive products are obtained in good 
yield and selectivity. Most of the MTO-catalyzed reactions are, however, performed in 
chlorinated or fluorinated solvents. As regards asymmetric processes using hydro- 
gen peroxide as the terminal oxidant, there are only a few reported systems that pro- 
duce epoxides with some enantioselectivity. The iron-based catalyst developed by 
Francis and Jacobsen is a promising candidate, and further developments along 
these lines may produce more selective systems. 

In conclusion, there is still room for further improvements in the field of selective 
alkene epoxidation using environmentally benign oxidants and solvents. 



References 



References 47 



[1] R. A. Sheldon in Applied Homogeneous 
Catalysis with Organometallic Com- 
pounds, 2nd edn., 1 (Eds.: B. Cornils, 
W. A. Herrmann), Wiley-VCH, Wein- 
heim, 2002, pp. 412-427. 
[2] K. A. Jorgensen, Chem. Rev., 1989, 89, 

431. 
[3] D. Kahlich, K. Wiechern, J. Lindner 
in Ullmann's Encyclopedia of Industrial 
Chemistry, 5 th edn.,Voi. A22 (Eds.: B. El- 
vers, S. Hawkins, W. Russey, G. Schultz), 
VCH.Weinheim, 1993, pp. 239-260. 
[4] J. R. Monnier, Applied Catalysis A: 

General, 2001, 221, 73. 
[5] B. S. Lane, K. Burgess, Chem. Rev., 

2003, 103, 2457. 
[6] R. A. Sheldon in Aspects of Homogene- 
ous Catalysis, Vol. 4 (Ed.: R. Ugo) Reidel, 
Dordrecht, 1981, pp. 3-70. 
[7] T. Katsuki, K. B. Sharpless, J. Am. 

Chem. Soc, 1980, 102, 5974. 
[8] For a recent comprehensive review, see: 
T. Katsuki in Comprehensive Asymmetric 
Catalysis II (Eds.: E. N. Jacobsen, 
A. Pfaltz, H. Yamamoto), Springer, 
Heidelberg, 1999, pp. 621-648. 
[9] B. Notari, Catal. Today, 1993, 18, 163. 

[10] K. B. Sharpless, T. R. Verhoeven, 
Aldrichim. Acta, 1979, 12, 63. 

[11] W. R. Thiel in Transition Metals for 
Organic Synthesis 2 (Eds.: M. Beller, 
C. Bolm), Wiley-VCH, Weinheim, 1998, 
pp. 290-300. 

[12] G. B. Payne, P. H. Williams, J. Org. 
Chem., 1959, 24, 54. 

[13] C. Venturello, E. Alneri, M. Ricci, 
J. Org. Chem., 1983, 48, 3831. 

[14] C. Venturello, R. DAloisio, J. Org. 
Chem., 1988, 53, 1553. 

[15] C. Venturello, R. DAloisio, J. C. J. 
Bart, M. Ricci, J. Mol. Catal, 1985, 32, 
107. 

[16] K. Sato, M. Aoki, M. Ogawa.T. Hashi- 
moto, R. Noyori,/. Org. Chem., 1996, 
61,8310. 

[17] K. Sato, M. Aoki, M. Ogawa,T. Hashi- 
moto, D. Paynella, R. Noyori, Bull. 
Chem. Soc.Jpn., 1997, 70, 905. 

[18] K. Sato, M. Aoki, R. Noyori, Science, 
1998, 281, 1646. 

[19] A. L. Villa de P., B. F. Sels, D. E. De 



Vos, P. A. Jacobs J. Org. Chem., 1999, 

64, 7267. 
[20] K. Kamata, K. Yonehara.Y. Sumida, 

K. Yamaguchi, S. Hikichi, N. Mi- 

zuno, Science, 2003, 300, 964. 
[21] O. Bortolini, F. Di Furia, G. Mo- 

dena, R. Seraglia, J. Org. Chem., 1985, 

50, 2688. 
[22] G. Wahl, D. Kleinhenz, A. Schorm, 

J. Sundermeyer, R. Stowasser, 

C. Rummey, G. Bringmann, C. Fik- 
kert.W Kiefer. Chem. Eur. J., 1999, 5, 
3237. 

[23] B. F. Sels, D. E. De Vos, P. A. Jacobs, 
Tetrahedron Lett., 1996, 37, 8557. 

[24] For a comprehensive summary, see: 
G. Gelbard, C.R. Chim., 2000, 3, 757. 

[25] D. Hoegaerts, B. F. Sels, D. E. De 
Vos, F. Verpoort, P. A. Jacobs, Catal. 
Today, 2000, 60, 209. 

[26] X. Zuwei, Z. Ning, S. Yu, L. Kunlan, 
Science, 2001, 292, 1139. 

[27] P. Battioni, J. -P. Renaud, J. F. Bar- 
to li, M. Reina-Artiles, M. Fort, 

D. Mansuy, J. Am. Chem. Soc, 1988, 
110,8462. 

[28] P. L. Anelli, L. Banfi, F. Legramandi, 

F. Montanari, G. Pozzi, S. Quici, 
J. Chem. Soc, Perkin Trans. 1, 1993, 
1345. 

[29] W. Zhang, J. L. Loebach, S. R.Wil- 
son, E. N. Jacobsen, J. Am. Chem. Soc, 
1990, 112,2801. 

[30] R. Irie, K. Noda,Y Ito, N. Matsu- 
moto.T. Katsuki, Tetrahedron Lett., 
1990, 31, 7345. 

[31] E. N. Jacobsen, M. H. Wu in Compre- 
hensive Asymmetric Catalysis II (Eds.: 

E. N. Jacobsen, A. Pfaltz, H. Yama- 
moto), Springer, Heidelberg, 1999, 
pp. 649-677. 

[32] K. Srinivasan, P. Michaud, 

J. K. Kochi, J. Am. Chem. Soc, 1986, 
108, 2309. 

[33] A. Berkessel, M. Frauenkron, 
T. Schwenkreis, A. Steinmetz, 

G. Baum, D. Fenske, J. Mol. Catal. A: 
Chem., 1996, 113,321. 

[34] R. Irie, N. Hosoya.T. Katsuki, Synlett, 
1994, 255. 



48 2 Transition Metal-catalyzed Epoxidation ofAlkenes 



[35] P. Pietikainen, Tetrahedron, 1998, 54, 
4319. 

[36] P. Pietikainen, J.Mol. Catal. A: [53; 

Chem., 2001, 165,73. 

[37] R. I. Kureshy, N. H. Khan, S. H. R. [54; 

Abdi, S. T. Patei, R. V. Jasra, Tetra- 
hedron: Asymmetry, 2001, 12,433. [55; 

[38] R. Hage, J. E. Iburg, J. Kerschner, 

J. H. Koek, E. L. M. Lempers, R. J. Mar- [56 

tens, U. S. Racheria, S. W. Russell, 

T. Swarthoff, M. R. P. van Vliet, 

J. B. Warnaar, L. van der Wolf, [57; 

B. Krijnen, Nature, 1994, 369, 637. 

[39] D. E. De Vos, B. F. Sels, M. Reynaers, 

Y. V. S. Rao, P. A. Jacobs, Tetrahedron [58 

Lett., 1998, 39, 3221. 

[40] A. Bfrkessel, C. A. Sklorz, Tetrahedron 

Lett., 1999, 40, 7965. [5? 

[41] J. Brinksma, R. Hage, J. Kerschner, 
B. L. Feringa, Chem. Commun., 2000, 
537. [60; 

[42] B. S. Lane, K. Burgess, J. Am. Chem. 

Soc, 2001, 123, 2933. [61 

[43] B. S. Lane, M. Vogt.V. J. DeRose, 
K. Burgess, J. Am. Chem. Soc., 2002, 
124, 11946. [62 

[44] K.-H. Tong, K.-Y. Wong, T. H. Chan, 

Org. Lett., 2003, 5, 3423. [63; 

[45] F. E. Kuhn,W. A. Herrmann, Chem- 

tracts - Org. Chem., 2001, 14, 59. [64; 

[46] G. S. Owens, A. Arias, M. M. Abu- 
Omar, Catalysis Today, 2000, 55, 317. 
Please note: this review contains several [65 
serious errors in the chapter dealing 
with MTO-catalyzed epoxidations (i.e., 
Tables 5 and 6). [66 

[47] W. A: Herrmann, R. W. Fischer, 

D. W. Marz, Angew. Chem., Int. Ed. [67; 
Engl, 1991, 30, 1638. 

[48] I. R. Beattie, P. J. Jones, Inorg. Chem., 

1979, 18, 2318. [68; 

[49] W. A. Herrmann, J. G. Kuchler, 

J. K. Felixberger, E. Hfrdtwfck, 

W. Wagner, Angew. Chem., Int. Ed. [69 

Engl, 1988, 27, 394. 
[50] W A. Herrmann, F. E. Kuhn, [70; 

R. W. Fischer, W. R. Thiel, C. C. Ro- 

mao, Inorg. Chem., 1992, 31, 4431. [71 

[51] W A. Herrmann, W R. Thiel, [72; 

F. E. Kuhn, R. W Fischer, M. Kleine, 

E. Herdtweck,W Scherer, J. Mink, 
Inorg. Chem., 1993, 32, 5188. 

[52] W A. Herrmann, R. Kratzer, [73] 



R. W Fischer, Angew. Chem., Int. Ed. 
Engl, 1997, 36, 2652. 
W A. Herrmann, F. E. Kuhn, Acc. 
Chem. Res., 1997, 30, 169. 
C. C. Romao, F. E. Kuhn,W. A. Herr- 
mann, Chem. Rev., 1997, 97, 3197. 
J. H. Espenson, Chem. Commun., 1999, 
479. 

M. M. Abu-Omar, P. J. Hansen, 
J. H. Espenson, J. Am. Chem. Soc, 

1996, 118,4966. 

G. Laurenczy, F. Lukacs, R. Roulet, 
W A. Herrmann, R. W Fischer, Orgo- 
nometallics, 1996, 15, 848. 
W. A. Herrmann, R. W Fischer, 
W Scherer, M. U. Rauch, Angew. 
Chem., Int. Ed. Engl, 1993, 32, 1157. 
W. A. Herrmann, R. W Fischer, 
m. U. Rauch, W. Scherer, J. Mol Ca- 
tal, 1994, 86, 243. 
W Adam, C. M. Mitchell, Angew. 
Chem., Int. Ed. Engl, 1996, 35, 533. 
J. Rudolph, K. L. Reddy, J. P. Chiang, 
K. B. Sharpless,/. Am. Chem. Soc, 

1997, 119,6189. 

W.-D. Wang, J. H. Espenson,/. Am. 
Chem. Soc, 1998, 120, 11335. 
C. Copfret, H. Adolfsson, K. B. Shar- 
pless, Chem. Commun., 1997, 1565. 
H. Adolfsson, C. Coperft, 
J. P. Chiang, A. K. Yudin, J. Org. 
Chem., 2000, 65, 8651. 
C. Coperet, H. Adolfsson, T.-A. V. 
Khuong, A. K. Yudin, K. B. Shar- 
pless, J. Org. Chem., 1998, 63, 1740. 
H. Adolfsson, K. B. Sharpless, unpu- 
blished results. 

W A. Herrmann, R. M. Kratzer, 
H. Ding,W R. Thiel, H. Glas, J. Orga- 
nomet. Chem., 1998, 555, 293. 
H. Adolfsson, A. Convfrso, 
K. B. Sharpless, Tetrahedron Lett., 1999, 
40, 3991. 

A. R. Vaino, J. Org. Chem., 2000, 65, 
4210. 

A. McKillop,W. R. Sanderson, Tetra- 
hedron, 1995, 51, 6145. 
W P. Jackson, Synlett, 1990, 536. 
C. Jost, G. Wahl, D. Kleinhenz, 
J. SuNDFRMEYERin Peroxide Chemistry, 
(Ed. W. Adam),Wiley-VCH,Weinheim, 
2000, pp. 341-364. 
A. K. Yudin, K. B. Sharpless,/. Am. 
Chem. Soc, 1997, 119,11536. 



References 49 



[74] R. Curci, R. Melio, L. Troisi, Tetrahe- 
dron, 1986, 42, 877. 

[75] A. K. Yudin, J. P. Chiang, H. Adolfs- 
son, C. Coperet, J. Org. Chem., 2001, 
66, 4713. 

[76] S. Warwel, M. Rusch den Kiaas, 
M. Sojka, J. Chem. Soc., Chem. Com- 
mun., 1991, 1578. 

[77] M. C. A. van Vliet, I. W. C. E. Arends, 
R. A. Sheldon, Chem. Commun., 1999, 
821. 

[78] J. Iskra, D. Bonnet-Delpon, J.-P. Be- 
gue, Tetrahedron Lett., 2002, 43, 1001. 

[79] G. S. Owens, M. M. Abu-Omar, Chem. 
Commun., 2000, 1165. 

[80] G. S. Owens, A. Durazo, M. M. Abu- 
Omar, Chem. Eur. J., 2002, 8, 3053. 

[81] R. Saladino.V. Neri, A. R. Pelliccia, 
R. Caminiti, C, Sadun, J. Org. Chem., 
2002, 67, 1323. 

[82] K. Dallmann, R. Buffon, Catal. Com- 
mun., 2000, 1, 9. 

[83] R. Neumann, T.-J. Wang, Chem. Com- 
mun., 1997, 1915. 

[84] A. Malek, G. Ozin, Adv. Mater., 1995, 
7, 160. 

[85] T. Bein, C. Huber, K. Moller, 



C.-G. Wu, L, Xu, Chem. Mater., 1997, 9, 

2252. 
[86] W. Adam, C. R. Saha-Moller, 

O. Weichold, J. Org. Chem., 2000, 65, 

2897. 
[87] A. Omar Bouh, J. H. Espenson,/. Mol. 

Catal. A: Chem., 2003, 200, 43. 
[88] C. E. Tucker, K. G. Davenport, 1997, 

Hoechst Celanese Corporation US Pa- 
tent 5618958. 
[89] M. J. Sabater, M. E. Domine, 

A. CormaJ. Catal, 2002, 210, 192. 
[90] T. G. Traylor, S. Tsuchiya,Y.-S. Byun, 

C. Kim, J. Am. Chem. Soc., 1993, 115, 

2775. 
[91] M. C. White, A. G. Doyle, E. N. Jacob- 
sen, J. Am. Chem. Soc, 2001, 123, 7194. 
[92] K. Chen, L. Que, Jr, Chem. Commun., 

1999, 1375. 
[93] M. Costas, A. K. Tipton, K. Chen, 

D.-H. Jo, L. Que, Jr, J. Am. Chem. Soc, 

2001, 123, 6722. 

[94] K. Chen, M. Costas, J. Kim, A. K.Tip- 
ton, L. Que, Jr, /. Am. Chem. Soc, 

2002, 124, 3026. 

[95] M. B. Francis, E. N. Jacobsen, Angew. 
Chem., Int. Ed. Engl, 1999, 38, 937. 



51 



3 

Organocatalytic Oxidation. Ketone-catalyzed Asymmetric 

Epoxidation of Olefins 



Yian Shi 



3.1 
Introduction 

Epoxides are very versatile intermediates, and asymmetric epoxidation of olefins is 
an effective approach to the synthesis of enantiomerically enriched epoxides [1-3]. 
Great success has been achieved for the epoxidation of allylic alcohols [1], the metal- 
catalyzed epoxidation of unfunctionalized olefins (particularly conjugated cis- and tri- 
substituted) [2], and the nucleophilic epoxidation of electron-deficient olefins [3]. In 
recent years, chiral dioxiranes have been shown to be powerful agents for asym- 
metric epoxidation of olefins. Dioxiranes can be isolated or generated in situ from 
Oxone (potassium peroxymonosulfate) and ketones (Scheme 3.1) [4, 5]. When the di- 
oxirane is used in situ, the corresponding ketone is regenerated upon epoxidation. 
Therefore, in principle, a catalytic amount of ketone can be used. When a chiral 
ketone is used, asymmetric epoxidation should also be possible [6]. Extensive studies 
have been carried out in this area since the first chiral ketone was reported by Curci 
in 1984 [7]. This chapter describes some of the recent progress in this area. 




Scheme 3.1 
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3.2 

Early Ketones 

In 1984 [7], Curci and coworkers first reported the asymmetric epoxidation of trans-(3- 
methylstyrene and 1-methylcyclohexene using (+)-isopinocamphone (1) and (S)-(+)-3- 
phenylbutan-2-one (2) as the catalyst in CH 2 Cl2-H 2 at pH 7-8 (Scheme 3.2). As 
shown in Scheme 3.3, up to 12.5% ee was obtained, and the amount of ketone could 
be reduced to as little as 20 mol% without reducing the ee, which demonstrated the 
possibility of asymmetric induction by a chiral ketone. 

Me Me H 3 C^CH 3 Q 

1 2 3 ° 4 

Scheme 3.2 



1 (1.0 equiv.), 60% yield*, 12.5% ee 1 (1.0 equiv.) 90% yield", 10.4% ee 

1 (0.2 equiv.) 68% yield" , 1 1 .2% ee 1 (0.2 equiv.) 85% yield", 1 0.2% ee 

2 (1 .0 equiv.) 85% yield" , 9.5% ee 2 (0.5 equiv.) 92% yield", 1 2% ee 

(* isolated yield; ** GC yield based on the substrate reacted) 

Scheme 3.3 Epoxidation of olefins with ketones 1 and 2 

Epoxidations with ketones 1 and 2 were somewhat sluggish, thus requiring rela- 
tively high catalyst loading and long reaction time to achieve high conversion. To 
further increase the reaction rate of the epoxidation, ketones 3 and 4, which contain 
a trifluoromethyl group, were subsequently chosen for studies since ketones with 
electron-withdrawing substituents are usually more reactive for epoxidation [4]. In- 
deed, the epoxidations with ketones 3 and 4 were found to be much faster [8]. As 
shown in Scheme 3.4, high conversions could be achieved with 0.8-1.2 equiv. ketone 
at 2-5 "C within 17-48 h, and the ketones could be recovered from the reaction with 
little loss (2-5%). Up to 20% ee was obtained for trans-2-octene. The activation of 
ketones with electron withdrawing groups was also illustrated by Marples and cowor- 
kers in 1995 in their studies of asymmetric epoxidation with fluorinated 1-tetralones 
and 1-indanones (5-8) (Scheme 3.5) although no enantioselectivity was obtained for 
the epoxidation with these ketones [9]. 




ph ^J/ n .c 5Hl1 - - ^\^C 6 H 13 -n 

3, 82% (1 3% ee) S-4, 80% (20% ee) S-4, 80% (1 6% ee) 

S-4, 77%(18%ee) 

Scheme 3.4 Epoxidation of olefins with ketones 3 and 4 (0.8-1 .2 equiv.) 
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3.3 

C, Symmetric Binaphthyl-based and Related Ketones 

Elegant binaphthyl derived chiral ketones were first reported by Yang and coworkers 
in 1996 (Scheme 3.6) [10-12]. In this type of ketone catalyst, C 2 symmetry was intro- 
duced to limit the competing reaction modes of the dioxirane, and a remote bi- 
naphthalene unit was used as the chiral control element. Substituents at the a-carbon 
to the carbonyl were avoided to eliminate the potential problems of racemization of 
chiral centers and steric hindrance at the a-carbon. The C 2 symmetric, 11-membered 
chiral ketone 9a derived from l,l'-binaphthyl-2,2'-dicarboxylic acid, was initially inves- 
tigated for the epoxidation (Scheme 3.7) [10]. The unhindered carbonyl and the pre- 
sence of electron withdrawing groups at the a-carbon made ketone 9a a very reactive 
catalyst, providing high conversion for epoxidation with as little as 10 mol% catalyst 
in a few hours at pH 7-7.5 (Scheme 3.7). Running the epoxidation in a homogeneous 
solvent system (CH 3 CN-H 2 0) [5i, 13] could also enhance the reaction efficiency by 
facilitating the dioxirane-olefin interaction. The enantioselectivity of the epoxidation 
was found to be dependent upon the size of the para-substituents on trans-stilbenes, 
and the ee values of the resulting epoxides increased from 47% to 87% as the size of 
the substituents increased from H to Ph (Scheme 3.7) [10, 12]. Ketone 9a was found to 
be stable under the reaction conditions and could be recovered in > 80 % yield. 




Scheme 3.6 




R = H,99%(47%ee) 
R = Me, 99% (50% ee) 
R = Et, 96% (60% ee) 
R = /-Pr, 98%(71%ee) 
R = J-Bu, 95% (76% ee) 
R = Ph, 82% (87% ee) 




Ph, 



Ph ^^ 

98% (50% ee) 



Me 



^ 



O 



Ph' 
70%(18%ee) 



a 



,-o 



CI 



83% (33% ee) 83% (1 8% ee) 



85% (<5% ee) 



Scheme 3.7 Epoxidation of olefins with ketone 9a (0.1 equiv.) [10, 12] 
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The stereodifferentiation for the epoxidation is largely dependent upon the steric 
interaction between the ketone catalyst and the reacting olefin. As revealed in the X- 
ray structure of ketone 9a [10-12], H-3 and H-3' are likely to be the interacting 
points between the ketone catalyst and the reacting olefin. It appears that increasing 
the steric bulkiness at the 3 and 3' positions would lead to a stronger steric interac- 
tion, and therefore higher enantioselectivity. Thus ketones 9b-k were designed and 
prepared by replacing the hydrogens at the 3 and 3' positions with larger groups 
[11, 12]. As the substituents became larger going from H to CI to Br to I, the enan- 
tioselectivity first increased and then decreased, suggesting that an appropriate size 
of substituent is required for optimal selectivities (Scheme 3.8). 
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Scheme 3.8 Epoxidation of trans-stilbene with ketones 9a-k (0.1 equiv.) 

As shown in Scheme 3.9, para-substituted trans-stilbenes were found to be effec- 
tive substrates for ketone 9, and the enantioselectivity of the epoxidation varied with 
the size of the substituents on the olefins. The ee values of the epoxide product in- 
creased (84 to 95% ee for 9i) as the substituents became larger (from H to Me to Et 
to i-Pr to t-Bu). On the other hand, little effect on enantioselectivity was observed by 
the meta-substituents on the phenyl group of the stilbene. 
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R = Me 



R = Et 



R = /-Pr 



R = f-Bu 



9b, 76% ee (rt) 
9c, 75% ee (rt) 
9c, 80% ee (0 °C) 
9i, 71%ee(rt) 
9i, 84% ee (0 °C) 
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85% ee (rt) 
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92% ee (0 °C) 
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85% ee (rt) 
90% ee (rt) 
92% ee (0 °C) 
88% ee (rt) 
91%ee(0°C) 




9c, 74% ee (rt) 9b, 76% ee (rt) 

9i, 73% ee (rt) 9c, 81 % ee (rt) 

9i, 73% ee (rt) 

Scheme 3.9 Epoxidation of olefins with ketones 9b, c, i (0.1 equiv.) 



91%ee(rt) 
93% ee (rt) 
95% ee (0 °C) 
90% ee (rt) 
95% ee (0 °C) 

9b, 65% ee (rt) 
9c, 64% ee (rt) 
9i, 71%ee(rt) 
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Further studies on the effect of chiral elements showed that ketone 10 derived 
from 6,6'-dinitro-2,2'-diphenic acid gave ee values similar to ketone 9 (Scheme 3.10) 
[12]. Epoxidations with ketones 9 and 10 have recently been extended to cinnamates 
(Scheme 3.11) [14], and various efforts have also been made to further improve the 
synthesis of ketones 9 a, b by Seki and coworkers [15]. 



Ph^ Ph 

82% (49% ee) 




10 



R = H, 94% (50% ee) 
R = /-Pr, 94% (66% ee) 
R = f-Bu, 91%(77%ee) 



Scheme 3.10 Epoxidation of olefins with ketones 10 (0.1 equiv.) 
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9a, 75% (74% ee) 9a, 95% (72% ee) 




CO ? Me 



9a, 92% (80% ee) 
9b, 74% (85% ee) 
10, 86%(68%ee) 



Scheme 3.11 Epoxidation of cinnamates with ketones 9a, b, 
and 10 (0.05 equiv.) 



The epoxidations of stilbene with the 11-membered ether and sulfonylamide ke- 
tones 11 and 12 were investigated by Tomioka and coworkers (Scheme 3.12) [16]. Re- 
latively high yields were obtained for the epoxide, but the enantioselectivity was 
rather low. A number of other C 2 symmetric ether linked chiral ketones were also in- 
vestigated for the asymmetric epoxidation. In 1997, Song and coworkers reported 
that the replacement of the ester groups of ketone 9 with ether groups (ketone 13a) 
lowered both reactivity and enantioselectivity (Scheme 3.13) [17, 18]. The lower reac- 
tivity of ketone 13a compared with ketone 9 could be due to the weaker electron- 
withdrawing ability of the ether compared with the ester. When ketones 13b and 13c 
were used for the epoxidation, 24% ee and 2% ee were obtained for stilbene, respec- 
tively [17b]. Up to 59% ee was obtained for ketone 14, which uses simple phenyl 
groups as the chiral control element (Scheme 3.13) [17a]. 





Scheme 3.12 
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6 1 ^ 
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13aX = H II 
13bX = Br ' 
13cX = Ph 




14, 72% (59% ee) 14, 61% (20% ee) 



Scheme 3.13 Epoxidation of olefins with ketones 13 and 14 
(l.Oequiv.) [17a] 



In 1997, Adam and coworkers reported another variation of C 2 symmetric ether 
linked ketones using mannitol (15) and tartaric acid (16) as chiral backbones 
(Scheme 3.14) [19]. Up to 81% ee was obtained. In 2001,Tomioka and coworkers re- 
ported epoxidations with C 2 symmetric 7-membered sulfonylamide ketones 17 and 
18 (Scheme 3.15) [16, 20]. Up to 30% ee was obtained for stilbene with 17b. In their 
subsequent studies, higher ee values were obtained with tricyclic ketone 19 and 
bicyclic ketone 20 (Scheme 3.16) [21]. For the epoxidation of 1-phenylcyclohexene, 
a quantitative yield and 83 % ee were obtained with a catalytic amount (20 mol%) of 
ketone 19. 

In 1999 and 2002, Denmark and coworkers reported several 7-membered carbo- 
cyclic biaryl chiral ketones (22a-d) (Scheme 3.17) [6 a, 22]. For these ketones the chir- 
ality is closer to the reacting carbonyl compared with 11-membered ketone 9, which 
could further enhance the stereodifferentiation for the epoxidation. It was found that 
the epoxidation rate was greatly accelerated by fluorine substitution at the oc-carbon 
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Scheme 3.14 Epoxidation of olefins with ketones 15 and 16 
(0.5-2.0 equiv.) 
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Scheme 3.15 Epoxidation of stilbene with ketones 17 and 18 
(1.0 equiv.) 



3.3 C 2 Symmetric Binaphthyl-based and Related Ketones 57 




Ph 



Ph 



Ph 



C R H 



^^U C 6 H 13 



19, 93% (64% ee) (R,R) 78% (62% ee) (R,R) 

20, 99% (57% ee) (S,S) 52% (57% ee) (S,S) 
21,40%(6%ee)(R,R) 



Ph, 



Ph 



Ph 



Ph 




24% (27% ee) (R,R) 
41%(18%ee)(S,S) 



20 R = H 19, 48%(73%ee)(R) 
O 21 R = Ph 20, 63% (70% ee) (S) 



99% (61% ee) (1S.2R) 99% (82% ee) (R,R) 
99% (75% ee) (1 R,2S) 99% (78% ee) (S,S) 



Scheme 3.16 Epoxidation of olefins with ketones 19-21 (l.Oequiv.) 




Scheme 3.17 



[23, 24]. High reactivity and enantioselectivity were obtained with difluoroketones 
22c and 22d (Scheme 3.18). Up to 94% ee was obtained for stilbene. In 2002, related 
fluorinated binaphthyl ketones were also reported by Behar (Scheme 3.19) [25]. 
Among these ketones, a,a'-difluoroketone 23c gave the best results for the epoxida- 
tion of trans- [5-methylstyrene (100% yield, 86% ee). 
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Scheme 3.18 Epoxidation of olefins with ketone 22c 
(0.3 equiv.) [22] 
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Scheme 3.19 Epoxidation oftrans-f3-methylstyrene with 
ketone 23 (0.1 equiv.) 
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3.4 

Ammonium Ketones 

In their elegant studies on reaction parameters for the ketone-catalyzed epoxidation, 
Denmark and coworkers showed that 4-oxopiperidinium salt 24 was an effective cat- 
alyst (Scheme 3.20) [5h]. In this ketone, the ammonium ion acts not only as an elec- 
tron-withdrawing group to inductively activate the carbonyl and to suppress Baeyer- 
Villiger oxidation, but also as a phase transfer mediator to facilitate the partitioning 
of the ketone and its dioxirane between the organic and aqueous phases. The phase 
transfer ability of 24 can be adjusted by varying the alkyl groups on the nitrogen. 
Based on this work, a number of chiral ammonium ketones were investigated for 
the epoxidation (Scheme 3.20) [26]. In the initial studies with ammonium ketones 
25 and 26 [5h, 51, 6 a], low reactivity was observed probably due to the steric conges- 
tion near the carbonyl. Ketone 26 gave 34% ee for trans-P-methylstyrene and 58% ee 
for 1-phenylcyclohexene. To further activate the carbonyl and suppress the Baeyer- 
Villiger oxidation, bis(ammonium) ketones 27-30 were evaluated for the epoxida- 
tion. These ketones were found to be effective catalysts. For example, >95% conver- 
sion was obtained with 10 mol% of 29 and 30 for the epoxidation of trans- (3-methyl- 
styrene. Up to 40% ee was obtained with ketone 28. 

The high flexibility of the 7-membered ring of ketones 27-30 could be one of the 
contributing factors to the low enantioselectivities. Therefore, a more rigid tropinone 
based ammonium ketone 31 was then investigated (Scheme 3.21) [6a, 22, 23]. The 
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Scheme 3.21 Epoxidation of olefins with ketone 31 (0.1 equiv.) [22] 
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fluorine was introduced to further activate the carbonyl, and it was found to be 
highly reactive. Up to 58% ee was obtained for trans-stilbene. 



3.5 
Bicyclo[3.2.1]octan-3-ones 

In 1998, Armstrong and coworkers reported the uncharged tropinone-based ketone 
32 (Scheme 3.22) [27, 28]. A combination of the bridgehead nitrogen at the pS-posi- 
tion and the fluorine atom at the a-position made this ketone a highly reactive cata- 
lyst, yielding up to 83% ee for phenylstilbene (Scheme 3.22). Subsequent studies 
showed that the enantioselectivity could be further increased by replacing the fluor- 
ine of 32 with an acetate and/or replacing the bridgehead nitrogen with an oxygen 
(Scheme 3.23) [28-30]. Up to 98% ee max [31] was obtained for phenylstilbene with 
ketone 35. The oc-fluorotropinone was also immobilized on silica materials. Similar 
enantioselectivity was obtained with the supported catalyst compared with the non- 
supported ketone catalyst [32]. 
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Scheme 3.22 Epoxidation of olefins with ketone 32 (0.1 equiv.) [28] 
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Scheme 3.24 Epoxidation of olefins with ketone 36e (0.3 equiv.) 



A number of 2-substituted-2,4-dimethyl-8-oxabicyclo[3.2.1]octan-3-ones 36 were 
also investigated for epoxidation by Klein and coworkers (Scheme 3.24) [33]. Among 
these, the fluoro ketone 36e was found to be most reactive. The epoxidation of sev- 
eral olefins was evaluated with 36e, and up to 68% ee was obtained for stilbene 
(Scheme 3.24). 



3.6 

Carbohydrate Based and Related Ketones 

In 1996, a fructose-derived ketone (39) was reported to be a highly effective epoxida- 
tion catalyst for a wide range of olefins (Scheme 3.25) [34]. The synthesis of ketone 
39 can be readily achieved in two steps from D-fructose by ketalization and oxidation 
[34-37]. The synthesis of the enantiomer of ketone 39 can be performed similarly 
from L-fructose, which can be prepared from readily available L-sorbose based on a 
literature procedure [35, 38]. Similar enantioselectivities were observed for the epoxi- 
dation with ketone ent-39 prepared in this way. 

Ketone 39 is one member of a broad class of ketones designed based on the following 
general considerations (Scheme 3.26) : (1) placement of the stereogenic centers close to 
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the reacting carbonyl to have an effective stereochemical interaction between substrate 
and catalyst; (2) use of fused ring(s) a. to the carbonyl group to minimize the epimeriza- 
tion of the stereogenic centers; (3) control of the approach of an olefin to the reacting 
dioxirane by sterically blocking one face or by a C 2 or pseudo C 2 symmetric element; 
(4) introduction of inductively withdrawing substituents to activate the carbonyl. 

Controlling the reaction pH is often crucial for the epoxidation with dioxiranes gen- 
erated in situ [5 a, 5h]. Earlier ketone-mediated epoxidations were usually performed 
at pH 7-8 [5], since Oxone rapidly autodecomposes at high pH [39, 40], thus decreas- 
ing the epoxidation efficiency. Therefore, the epoxidation with ketone 39 was initially 
performed at pH 7-8. While high enantioselectivies (>90% ee) were obtained for a 
variety of trans-disubstituted and trisubstituted olefins [34], ketone 39 decomposed 
very rapidly at this pH and an excess amount of ketone was required for good conver- 
sion of the substrate. The Baeyer-Villiger reaction resulting from intermediate 40 was 
assumed to be one of the possible decomposition pathways for ketone 39, although 
the corresponding lactones 43 and 44 had not been isolated, presumably due to their 
facile hydrolysis under the reaction conditions (Scheme 3.27). It was surmised that 
raising the reaction pH could favor the formation of anion 41 and subsequent forma- 
tion of the desired dioxirane 42, thus reducing the competition of the undesired 
Baeyer-Villiger oxidation. It was also hoped that ketone 39 could react with Oxone fast 
enough to override the rapid autodecomposition of Oxone at high pH. 




Based on these assumptions, the epoxidation of trans-P-methylstyrene was then 
performed under a different reaction pH [35, 41]. As shown in Figure 3.1, the reac- 
tion pH displayed a profound impact on the substrate conversion, and a higher pH 
was indeed beneficial to the catalyst efficiency, with more than a 10-fold increase in 
conversion from a lower pH (7-8) to a higher pH (>10). This dramatic pH effect led 
to a catalytic asymmetric epoxidation process, consequently enhancing the potential 
of ketone 39 for practical use. Typically, the epoxidation is performed at a pH of 
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100 




Fig. 3.1 Plot of the conversion of 
trans-fi-methylstyrene against pH 
using ketone 39 (0.2 equiv.) in 
H 2 0-CH 3 CN (1 :1.5,v/v) (A) or 
H 2 0-CH 3 CN-DMM (2:1:2, 
v/v) (B) [35, 41] 



around 10.5 by adding either K 2 C0 3 or KOH as the reaction proceeds. Maintaining a 
steady pH throughout the reaction is very important for the epoxidation. 

Comparative studies showed greater conversions were also obtained with acetone 
and trifluoroacetone at higher pH (Figures 3.2 and 3.3) [5m, 35, 42]. For example, the 
conversion increased from ~5 % to 80% when the pH was changed from 7.5 to 10 for 
trans- (3-methylstyrene when 5 mol% of CF 3 COCH 3 was used as the catalyst (Figure 
3.3). Higher reaction pH could enhance the nucleophilicity of Oxone, thus increasing 
Oxone's reactivity towards acetone and trifluoroacetone. Therefore, the increased 
epoxidation efficiency at higher pH for ketone catalyst 39 is not only due to the reduc- 
tion of the Baeyer-Villiger reaction, but also a result of increased reaction between ke- 
tone 39 and Oxone. A clearer mechanistic understanding awaits further study. 

The generality of this asymmetric epoxidation was subsequently explored with a 
variety of olefins with a catalytic amount of ketone 39 (typically 20-30 mol%). Some 
of the epoxidation results are summarized in Schemes 3.28-3.34. High enantio- 
selectivities can be obtained for a wide variety of unfunctionalized trans- and trisub- 
stituted olefins (Schemes 3.28 and 3.29) [35]. Significantly, high ee can be obtained 
with trans-7-tetradecene, indicating that this epoxidation is quite general for simple 



100 




Fig. 3.2 Plot of the conversion of 
trans-fi-methylstyrene against pH 
using acetone (3 equiv.) as catalyst 
in H 2 0-CH 3 CN (1:1.5, v/v). 
Samples were taken at 0.5 h (A), 
1.0 h (B), 1.5 h (C), and 2.0 h (D) 
to determine the conversion [35] 
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Fig. 3.3 Plot of the conversion of trans-(3-methylstyrene against pH 
using CF3COCH3 (0.05 equiv.) as catalyst [42] 
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Scheme 3.28 Epoxidation of trans-disubstituted olefins with 
ketone 39 [35] 
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Scheme 3.29 Epoxidation of trisubstituted olefins with ketone 39 [35] 
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trons-olefms. A variety of 2,2-disubstituted vinyl silanes can also be epoxidized with 
high enantioselectivity (Scheme 3.30), and the resulting epoxide may be desilylated 
using TBAF to provide 1,1-disubstituted terminal epoxides with high enantioselectiv- 
ity [43]. Hydroxyalkenes are also effective substrates (Scheme 3.31) [44], which is 
complementary to the Sharpless asymmetric epoxidation since high ee values can 
also be obtained for homoallylic and bishomoallylic alcohols. Vinyl epoxides can be 
obtained with high ee values by the regio- and enantioselective epoxidation of conju- 
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Scheme 3.30 Epoxidation of 2,2-disubstituted vinylsilanes with 
ketone 39 [43] 
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Scheme 3.31 Epoxidation of hydroxyalkenes with ketone 39 [44] 
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Scheme 3.32 Epoxidation of conjugated dienes with ketone 39 [45] 
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gated dienes (Scheme 3.32) [45]. Upon epoxidation of one olefin, the remaining ole- 
fin is inductively deactivated by the first epoxide, thus monoepoxides can be formed 
predominately if the amount of catalyst is properly controlled. For unsymmetrical 
dienes, the regioselectivity can be controlled by using steric and/or electronic effects. 
Conjugated enynes can be highly chemo- and enantioselectively epoxidized to pro- 
duce chiral propargyl epoxides (Scheme 3.33) [46, 47]. 
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Scheme 3.33 Epoxidation of enynes with ketone 39 [46, 47] 

Some silyl enol ethers could also be epoxidized to give enantiomerically enriched 
a-hydroxy ketones (Scheme 3.34) [48, 49]. However, some a-hydroxy ketones are 
prone to racemization or dimerization. In addition, some a-hydroxy ketones formed 
during the reaction could also act as a catalyst for the epoxidation, thus affecting the 
overall enantioselectivity. Therefore, silyl enol ethers are generally less effective sub- 
strates than enol esters under the current reaction conditions. When enol esters are 
epoxidized, the corresponding enol ester epoxides are obtained with high ee 
(Scheme 3.34) [49, 50]. From the resulting chiral enol ester epoxides, optically active 
a-hydroxy or a-acyloxy ketones can be obtained by hydrolysis or stereoselective rear- 
rangement. As illustrated in Scheme 3.35 [50, 51], one enantiomer of an epoxide can 
be converted into either enantiomer of the a-acyloxy ketone by judicious choice of re- 
action conditions [49-52]. 
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Scheme 3.34 Epoxidation of silyl enol ethers and esters with 
ketone 39 [49, 50] 
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Understanding the transition state of the dioxirane-mediated epoxidation is extre- 
mely important for predicting the stereochemical outcome of the reaction and de- 
signing new ketone catalysts. The two extreme transition state geometries (spiro and 
planar) are shown in Figure 3.4 [4c, 4d, 11, 12, 24, 34, 35, 53-58]. Baumstark and 
coworkers found that cis-hexenes were 7-9-fold more reactive than the correspond- 
ing trans-hexenes while using dimethyldioxirane, and proposed that a spiro transi- 
tion state was consistent with the observed reactivity difference between cis- and 
trans-hexenes [53, 54]. The spiro transition state has also been shown to be the opti- 
mal transition state for oxygen atom transfer from dimethyldioxirane to ethylene 
from computational studies [24, 55-58]. The favoring of a spiro transition state over 
a planar one could be due to the stabilizing interaction between the non-bonding or- 
bital (lone pair) of the dioxirane oxygen and the jt* orbital of the alkene in the spiro 
transition state (stereoelectronic origin) [55-58]. Such stabilizing orbital interactions 
are not geometrically feasible in the planar transition state (Figure 3.4). 

The stereochemistry of epoxides generated by chiral dioxiranes provides the oppor- 
tunity to further address the transition state. The dioxirane derived from 39 has two 
diastereomeric oxygens. The equatorial oxygen is likely to be sterically more accessi- 
ble for the epoxidation. Our studies show that while the epoxidation of trans- and tri- 
substitued olefins with ketone 39 proceeds mainly through spiro A, planar B is also 
competing (Figure 3.5) [34, 35, 43-47, 49, 50, 59]. Spiro A and planar B give the op- 
posite stereochemistry for the epoxide product, thus their competition will affect the 
ee obtained for epoxidation. Studies have shown that the extent of involvement of 
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Fig. 3.5 The spiro and planar transition states for the 
epoxidation with ketone 39 



the planar transition state is dependent on the substituents on the olefins [35]. Gen- 
erally speaking, higher enantioselectivity can be obtained by decreasing the size of 
R x (favoring spiro A) and/or increasing the size of R 3 (disfavoring planar B) [60]. 

The transition state model suggests that certain racemic olefins might be able to 
be kinetically resolved. Studies showed that a number of 1,6 and 1,3-disubstituted 
cyclohexenes could indeed efficiently be resolved with ketone 39 (Scheme 3.36) [61]. 
A rationalization for the kinetic resolution of 1,6-disubstituted cyclohexene using ke- 
tone 39 is shown in Scheme 3.37. Spiro C and D represent the major transition 
states for the epoxidation of each enantiomer of the racemic olefin. The destabilizing 
steric interaction between R 2 and one of the dioxirane oxygens in spiro D disfavors 
this transition state, thus the epoxidation of the corresponding enantiomer proceeds 
at a lower rate. This kinetic resolution not only provides a valuable route to preparing 
certain chiral intermediates but also further validates the transition state model. 
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In almost every case, the dioxirane is generated using potassium peroxymonosul- 
fate (KHS0 5 ) as oxidant (Scheme 3.1) [62-64]. The effectiveness of potassium peroxy- 
monosulfate as oxidant is probably due to the fact that the sulfate moiety is a good 
leaving group, which facilitates the formation of the dioxirane. It is of particular inter- 
est whether oxidants with poorer leaving groups than sulfate are capable of generating 
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dioxiranes. Hydrogen peroxide (H 2 2 ) is among the highly desirable oxidants since it 
has a high active oxygen content and its reduction product is water [65]. In 1999, it was 
reported that indeed H 2 2 could be used as a primary oxidant in combination with a 
nitrile for the epoxidation with the fructose-derived ketone 39 (Scheme 3.38) [66-68]. 
Among various nitriles tested, CH 3 CN and CH 3 CH 2 CN proved to be the most effec- 
tive for the epoxidation [67]. Under these conditions, peroxyimidic acid 45 (an analo- 
gous intermediate of Payne oxidation [69]) is likely to be the active oxidant that reacts 
with the ketone to form the dioxirane. High yields and ee have been obtained for a 
variety of olefins with this RCN-H 2 2 oxidant (Scheme 3.39) [67]. This epoxidation 
system proceeds under mild conditions, and less solvents and salts are involved in the 
reaction. In addition to ketone 39, some other ketones can be effective catalysts using 
the RCN-H 2 2 system. For example, a variety of olefins can be efficiently epoxidized 
with 10-30% trifluoroacetone [42]. 

Fructose-derived ketone 39 is readily available, and is a highly general and enantio- 
selective catalyst for the epoxidation of trans- and trisubstituted olefins. Its utilization 
in synthesis has been reported by other researchers [70]. For example, recently Corey 
and coworkers reported that (R)-2,3-dihydroxy-2,3-dihydrosqualene (47) was enantio- 
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selectively epoxidized with ketone 39 to give pentaepoxide 48, which was subsequently 
converted into pentaoxacyclic compound 49 in 31% overall yield (Scheme 3.40) [70 d]. 
To further probe and understand the structural requirements for the chiral ke- 
tone catalyzed epoxidation, a variety of ketone catalysts were prepared from various 
carbohydrates (such as arabinose, glucose, fructose, mannose, and sorbose) and in- 
vestigated [71]. The size of the groups attached to the ketals is important. Generally 
speaking, the smaller the group, the higher the reactivity and selectivity (39 vs. 50). 
The rigid 5-membered spiro ketal of 39 was structurally better than the 6-mem- 
bered ketal of 51 and the acyclic groups of 52 and 53 for both reactivity and enan- 
tioselectivity [72]. The carbocyclic analogue 54 gave lower conversion and ee than 
39, suggesting that the oxygen of the pyranose ring is beneficial to catalysis [73]. 
Studies also showed that the 5-membered ketones were poorer catalysts, largely 
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Scheme 3.41 Epoxidation of olefins with ketones 39 and 50-54 
(0.3 equiv.) 



54 



15(59) 61(87) 

10(88) 10(88) 



70 3 Organocatalytic Oxidation. Ketone-catalyzed Asymmetric Epoxidation of Olefins 

due to their facile Baeyer-Villiger oxidative decomposition caused by the 5-mem- 
bered ring strain [71]. 

To further understand how structure affects the stability and reactivity of the ke- 
tone, and to search for more robust ketone catalysts, ketone 55 was prepared and in- 
vestigated (Scheme 3.42) [74]. It was hoped that the replacement of the ketal of 39 
with a more electron withdrawing oxazolidinone would reduce the undesired 
Baeyer-Villiger oxidation (Scheme 3.27), thus providing a more stable ketone catalyst. 
Ketone 55 was indeed found to be highly active. The catalyst loading can be reduced 
to 5 mol% and even 1 mol% in some cases. 
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Being electrophilic reagents, dioxiranes epoxidize electron-deficient olefins slug- 
gishly. An effective catalyst for this class of olefin requires high structural stringency 
for being both highly active and enantioselective. Ketone 56, readily available from 
39, was found to be effective for the epoxidation of a,pS-unsaturated esters [75]. High 
ee results and good yields can be obtained for a variety of a,[S-unsaturated esters 
using 20-30 mol% ketone 56 (Scheme 3.43). 
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Scheme 3.43 Epoxidation of a.p-unsaturated esters with ketone 56 
(0.2-0.3 equiv.) 



In efforts to expand the scope of the ketone catalyzed epoxidation, glucose-derived 
ketone 57 was reported to be an effective catalyst for the epoxidation of cis-olefins in 
2000 (Scheme 3.44). High ee can be obtained for a number of both acyclic and cyclic 
olefins (Scheme 3.44) [76-79]. The epoxidation is stereospecific and no isomeriza- 
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tion has been observed in the epoxidation of acyclic systems. In addition, ketone 57 
provides encouragingly high ee for certain terminal olefins [77, 79, 80]. The studies 
suggest that the stereodifferentiation for the epoxidation of cis- and terminal olefins 
with ketone 57 probably involves electronic interactions. It appears that there is an 
attractive interaction between the R K group of the olefin and the oxazolidinone moi- 
ety of the ketone catalyst in the transition state (Scheme 3.45). As a result, spiro tran- 
sition state E overrides the competing spiro F, yielding high enantioselectivity [76, 
77, 79, 80]. A precise mechanistic understanding of the origin of the enantioselectiv- 
ity with ketone 57 awaits further investigation. The scope for the substrate for the 
epoxidation of 57 is expected to be further expanded in the future. 
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In 2002, Shing and coworkers reported three glucose derived ketones 58-60 as 
epoxidation catalysts (Scheme 3.46) [81]. Ketone 58 was found to be more effective 
than 59 and 60, and up to 71% ee was obtained for stilbene with this ketone. In 
2003, Shing and coworkers reported their studies on epoxidation with the L-arabi- 
nose derived ketones 61-64 (Scheme 3.47) [72]. Up to 90% ee was obtained for stil- 
bene with 64. Further studies showed that a higher yield of the epoxidation could be 
obtained with the ester substituted ketones 65-67, and up to 68% ee was obtained 
for phenylstilbene (Scheme 3.48) [72]. 
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3.7 

Carbocyclic Ketones 

Ketones 39 and 57 utilize a fused ring and a quaternary carbon a to the carbonyl 
group to place the stereogenic centers close to the reacting carbonyl and to minimize 
potential epimerization of the chiral elements (Scheme 3.49). Related ketones con- 
taining two fused rings at each side of the carbonyl group were also investigated 
(Scheme 3.49). In 1997, the pseudo C 2 symmetric ketone 68, prepared from quinic 
acid, was reported as a member of this class of ketones [82, 83]. Some examples of 
epoxidation with ketone 68 (R = CMe 2 OH) are shown in Scheme 3.50. Ketone 68 is a 
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Scheme 3.50 Epoxidation of olefins with ketone 68 
(R = CMe 2 OH) (0.05-0.1 equiv.) 



very active catalyst, and certain electron deficient olefins can also be epoxidized, indi- 
cating that the dioxirane is very electrophilic. Generally speaking, ketone 68 is less 
enantioselective than 39 for the epoxidation of trans- and trisubstituted olefins. 

Two C 2 -symmetric 5-membered ring ketones 69 and 70 were reported by Arm- 
strong and coworkers (Scheme 3.51) [84, 85]. Studies with these ketones showed that 
the 5-membered ring is more prone to Baeyer-Villiger oxidation, and the activation of 
the carbonyl by electron-withdrawing substituents is important for the epoxidation. 
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69 70 

Scheme 3.51 

In ketones 39, 57, and 68, the ketals or oxazolidinone are placed at a-positions of 
the carbonyl. Studies with ketones 71-73 showed that moving the ketal from the ot- 
to P-positions lowered the enantioselectivity for the epoxidation, suggesting that pla- 
cing the stereogenic centers close to the carbonyl is important for an efficient stereo- 
chemical communication between the substrate and the catalyst (Scheme 3.52) 
[73, 86]. Adam and coworkers also reported their studies on ketones 71 and 74, and 
up to 87% ee was obtained with 71 (Scheme 3.53) [87]. 

In 1998, Yang and coworkers reported a ketone with a quaternary carbon at the ex- 
position at one side and a substituent at the (3-position of the other side of the carbo- 
nyl group (75) (Scheme 3.54) [88]. Studies on a series of meta- and para-substituted 
trans-stilbenes with 75b showed that the ee of the epoxide varied with the substituent 
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Scheme 3.52 Epoxidation of olefins with ketones 71-73 
(0.3-0.5 equiv.) [73, 86] 
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Scheme 3.55 Epoxidation of stilbenes with ketone 75 



on the phenyl group of the olefin (Scheme 3.55). This observed ee difference was at- 
tributed to the n-jt electronic repulsion effect between the CI atom of 75b and the 
phenyl group rather than a steric interaction. The epoxidation of stilbene with 75 
showed that the substituent at C 8 could also significantly influence the ee through 
the electrostatic interaction between of the polar C-X bond and the phenyl group of 
the stilbene. Recently, Solladie-Cavallo and coworkers reported their studies on the 
fluoro ketone 76 [89-92]. Up to 90% ee was obtained for stilbene [92]. The increased 
ee resulting from the change of substituents at C-5 in ketones 76b-d was attributed 



3.8 Ketones with an Attached Chiral Moiety 75 

to the reduction of the axial approach of the olefin towards the dioxirane, thus in- 
creasing the enantioselectivity [92]. 

In 2001, Bortolini, Fogagnolo, and coworkers reported the epoxidation of cinnamic 
acid derivatives using bile acid based ketones [93, 94]. As shown in Scheme 3.57, up 
to 95 % ee was obtained for p-methylcinnamic acid with ketone 77a [94]. Studies with 
various ketone analogues showed that the epoxidation could be significantly influ- 
enced by the substituents at C-7 and C-12 of the bile acid [94]. 
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Scheme 3.56 Epoxidation of olefins with ketones 76a-d 
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Scheme 3.57 Epoxidation of olefins with ketone 77 (1 .0 equiv.) [94] 



3.8 

Ketones with an Attached Chiral Moiety 



The reacting carbonyl and the stereogenic centers are usually contained in a cyclic 
structure for most of the ketones discussed above. Several ketones in which the car- 
bonyl and the chiral moiety are combined by a non-cyclic structure have also been 
studied for epoxidation. 

In 1999, Armstrong and coworkers reported trifluoromethyl ketone 78, using the 
chiral oxazolidinone as the chiral control element. Up to 34% ee was obtained 
(Scheme 3.58) [85]. Carnell and coworkers found that N,N-dialkylalloxans such as 79 
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were very reactive epoxidation catalysts and can be recovered without decomposition 
(Scheme 3.59) [95]. Unfortunately, no asymmetric induction was achieved on epoxi- 
dation of trans-stilbene with ketone 80, presumably due to the fact that the chiral 
center was not close to the reacting carbonyl. In 2003, Wong and coworkers reported 
a fi-cyclodextrin-modified ketoester 81 as an epoxidation catalyst (Scheme 3.60) [96]. 
Up to 40% ee was obtained with 4-chlorostyrene. In 2003, Zhao and coworkers re- 
ported the epoxidation studies with fructose-derived ketone 82 and aldehyde 83. Up 
to 94% ee was obtained for stilbene with aldehyde 83b (Scheme 3.61) [97]. 



O 



Me 
Ph^ Ph Ph^ Ph 



X N /^CF 3 69% (25% ee) 52 o/ ( 31 % ee ) 



26%(33%ee) 67% (34% ee) 18%(<5%ee) 
Scheme 3.58 Epoxidation of olefins with ketone 78 (3.0 equiv.) 
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Scheme 3.60 Epoxidation of olefins with ketone 81 



3.9 
Conclusion 

Discovering highly enantioselective ketone catalysts for asymmetric epoxidation has 
proven to be a challenging process. As shown in Scheme 3.62, quite a few processes 
are competing with the catalytic cycle of the ketone mediated epoxidation, including 
racemization of chiral control elements, excessive hydration of the carbonyl, facile 
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Scheme 3.62 Pathways a-k: (a) nucleophilic addition of the ketone 
by peroxymonosulfate; (b) formation of the oxy-anion intermediate; 
(c) formation of the dioxirane; (d) epoxidation of an olefin by the 
dioxirane; (e) epimerization of the stereogenic centers of the ketone; 
(f) hydration of the ketone; (g) self-decomposition of peroxymono- 
sulfate; (h) Baeyer-Villiger oxidation; (i) consumption of the dioxi- 
rane by peroxymonosulfate; (j) self-decomposition of the dioxirane. 
(k) racemic epoxidation of the olefin by peroxymonosulfate itself 
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self-decomposition of the oxidant, undesired Baeyer-Villiger oxidation, decomposi- 
tion of the dioxirane, consumption of the dioxirane by oxidant, background epoxida- 
tion by oxidant itself, etc. [98]. Achieving the desired outcome requires delicately bal- 
ancing the sterics and electronics of the chiral control elements around the carbonyl 
group, which puts high structural stringency on chiral ketone catalysts in order for 
them to be highly reactive and enantioselective. 

During the past few years, a variety of chiral ketones have been investigated in a 
number of laboratories, and significant progress has been made in the field. Chiral 
dioxiranes have been shown to be very effective epoxidation reagents for a wide vari- 
ety of trans- and trisubstituted olefins, and have great promise for cis- and terminal 
olefins. With further efforts, the chiral ketone-catalyzed asymmetric epoxidation has 
the potential to become a practical and predictable epoxidation process with broad 
substrate scope. The mechanistic understanding gained thus far will certainly pro- 
vide useful information for the future development of this field. 
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4 

Modern Oxidation of Alcohols Using Environmentally 

Benign Oxidants 

I. W. C. E. Arends and R. A. Sheldon 



4.1 
Introduction 

The oxidation of primary and secondary alcohols to the corresponding carbonyl 
compounds plays a central role in organic synthesis [1]. However, standard organic 
textbooks [2] still recommend classical oxidation methods using stoichiometric 
quantities of inorganic oxidants, notably chromium(VI) reagents [3] or ruthenium 
or manganese salts [4], which are highly toxic and environmentally polluting. Other 
classic non-green methods are based on the use of high valent iodine compounds 
(notably the Dess Martin reagent) or involve the stoichiometric use of DM SO (di- 
methyl sulfoxide) (Swern oxidation) [4]. However the state-of-the-art in alcohol oxi- 
dation nowadays is far better. Numerous catalytic methods are now known which 
can be used to oxidize alcohols using either 2 or H 2 2 as the oxidant. These oxi- 
dants are to be preferred because they are inexpensive and produce water as the 
sole byproduct. In this chapter we will focus on the use of metal catalysts to med- 
iate the selective oxidation of alcohols using 2 or H 2 2 as the primary oxidant. 
Predominantly homogeneous catalysts are described, but where relevant heteroge- 
neous catalysts (mainly ruthenium) will be covered as well. For an excellent review 
on heterogeneous oxidation of alcohols and carbohydrates we refer to the publica- 
tions by Gallezot et al. [5]. Before turning to metal-mediated oxidation of alcohols 
we will first describe the recent developments in catalytic oxoammonium-mediated 
oxidation of alcohols. 



4.2 

Oxoammonium-based Oxidation of Alcohols -TEMPO as Catalyst 

A very useful and frequently applied method in the fine chemical industry to convert 
alcohols into the corresponding carbonyl compounds is the use of oxoammonium 
salts as oxidants as denoted in Scheme 4.1 [6]. These are very selective oxidants for 
alcohols, which operate under mild conditions and tolerate a large variety of func- 
tional groups. The oxidation proceeds in acidic as well as alkaline media. 
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Scheme 4.1 Mechanism for the oxoammonium catalyzed oxidation 
of alcohols 



The oxoammonium is generated in situ from its precursor, TEMPO (2,2',6,6'-tetra- 
methylpiperidine-N-oxyl) (or derivatives thereof), which is used in catalytic quanti- 
ties (see Scheme 4.2). Various oxidants can be applied as the final oxidant [7-12]. In 
particular, the TEMPO-bleach protocol using bromide as the co-catalyst introduced 
by Anelli et al. is finding wide application in organic synthesis [7]. TEMPO is used at 
levels as low as 1 mol% relative to the substrate and full conversion of substrates can 
commonly be achieved within 30 min. 



N 
6 



oxid. 



ocr 



ci- 



Br 



OBr 




Scheme 4.2 TEMPO catalyzed oxidation of alcohols using 
hypochlorite as the oxidant 



The major drawbacks of this method are the use of NaOCl as the oxidant, the 
need for the addition of bromine ions and the necessity to use chlorinated solvents. 
Recently a great deal of effort has been devoted towards a greener oxoammonium- 
based method, by, for example, replacing TEMPO by heterogeneous variations or the 
replacement of NaOCl by a combination of metal as the co-catalyst and molecular 
oxygen as the oxidant. Examples of heterogeneous variants of TEMPO are anchoring 
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Scheme 4.3 PIPOas heterogeneous catalyst for alcohol oxidation 



45 min, 99% conv. 



TEMPO to solid supports such as silica [13, 14] and the mesoporous silica, MCM-41 
[15] or by entrapping TEMPO in sol-gel [16]. Alternatively, in our group we developed 
an oligomeric TEMPO (Scheme 4.3), derived from Chimassorb 944 [17]. 

This new polymer immobilized TEMPO, which we refer to as PIPO (Polymer Im- 
mobilized Piperidinyl Oxyl) , proved to be a very effective catalyst for the oxidation of 
alcohols with hypochlorite [17] (Scheme 4.3). Under the standard conditions PIPO is 
dissolved in the dichloromethane layer. In contrast, in the absence of solvent PIPO 
was a very effective recyclable heterogeneous catalyst. Furthermore, the enhanced ac- 
tivity of PIPO compared with TEMPO made the use of a bromide co-catalyst redun- 
dant. Hence, the use of PIPO, in an amount equivalent to 1 mol% of nitroxyl radical, 




lime (min) 



120 



Scheme 4.4 Bleach oxidation ofoctan-2-ol under chlorinated 
hydrocarbon solvent- and bromide-free conditions using 1 mol% of 
nitroxyl catalyst: (A) PIPO (3.19 mmol g~ ; amine linker) [1 7]; 
(•) MCM-41 TEMPO (0.60 mmol g -1 ; ether linker) [15]; (*) Si0 2 
TEMPO (0.87 mmol g _1 , amine linker) [13]; (■) Si0 2 TEMPO 
(0.40 mmol g -1 , amide linker) [14]; (♦) TEMPO 
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provided an effective (heterogeneous) catalytic method for the oxidation of a variety 
of alcohols with 1.25 equiv. of 0.35 M NaOCl (pH 9.1) in a bromide- and chlorinated 
hydrocarbon solvent-free medium (Scheme 4.4). Under these environmentally be- 
nign conditions, PIPO was superior to the already mentioned heterogeneous 
TEMPO systems and homogeneous TEMPO [18]. In the solvent-free system primary 
alcohols, such as octan-1-ol, gave low selectivities to the corresponding aldehyde 
owing to over-oxidation to the carboxylic acid. This problem was circumvented by 
using n-hexane as the solvent, in which PIPO is insoluble, affording an increase in 
aldehyde selectivity from 50 to 94%. 

Recently two papers were published that dealt with the bleach free TEMPO-cata- 
lyzed oxidation. In one approach a heteropolyacid, which is a known redox catalyst, 
was able to generate oxoammonium ions in situ with 2 atm of molecular oxygen at 
100 °C [19]. In the other approach, a combination of manganese and cobalt (5 mol%) 
was able to generate oxoammonium ions under acidic conditions at 40 °C [20]. Re- 
sults for both methods are compared in Table 4.1. Although these conditions are still 
prone to improvement, both processes use molecular oxygen as the ultimate oxidant, 
are chlorine free and therefore are valuable examples of progress in this area. Later 
on in this chapter we will discuss examples where the use of TEMPO in combination 
with an Ru or Cu catalyst results in even higher active catalytic systems. The me- 
chanism however in these cases is metal-based instead of oxoammonium-based and 
is therefore listed in the appropriate section. Another approach to generate oxoam- 
monium ions in situ is an enzymatic one. Laccase, which is an abundant highly po- 
tent redox enzyme, is capable of oxidizing TEMPO to the oxoammonium ion [21]. 
Although this method still requires large amounts of TEMPO (30 mol%) and long 
reaction times (24 h), it demonstrates that a combination of laccase and TEMPO is 
able to catalyze the aerobic oxidation of alcohols (see Table 4.1). 



Tab. 4.1 Aerobic oxoammonium based oxidation of alcohols 



Substrate 



2 mol% Mn(N0 3 ) 2 
2 mol% Co(N0 3 j 2 
10 mol% TEMPO 
acetic acid, 40 "C 
7 atmO, b 



Aldehyde or ketone yield s 
7 mo/% 

H 5 [PMo 10 V 2 40 
3 mol% TEMPO 
acetone, 100°C 
2 atm 0, c 



Laccase (311 mL J ) 
water pH 4.5 
30 mol% TEMPO 
2S°C,1atm0 7 A 



n-QH 13 -CH 2 OH 

n-C 7 H 15 -CH 2 OH 

n-C 9 H 19 -CH 2 OH 

n-C 7 H 15 -CH(CH 3 )OH 

n-C 6 H 13 -CH(CH 3 )OH 

PhCH 2 OH 

PhCH(CH 3 )OH 

ds-C 3 H 7 -CH=CH-CH 2 OH 

Ph-CH=CH-CH,OH 



97% (6 h) 



100% (5 h) 

98%(10h)' 
98%(6h) e 

99% (3 h) 



98%(18h) 



96%(18h) 
100% (6 h) 

100% (10 h) 



15%(24h) 
92%(24h) 

94%(24h) 



1 GLC yields. Minisci and coworkers [20]. c Neumann and coworkers [19]. 
! Reaction performed at 20 °C with air. 



1 Fabbrini et al. [21]. 
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4.3 

Metal -mediated Oxidation of Alcohols - Mechanism 

Noble metal salts, e.g., of Pd 11 or Pt 11 , undergo reduction by primary and secondary 
alcohols in homogeneous solution. Indeed, the ability of alcohols to reduce Pd" has 
already been described in 1828 by Berzelius who showed that K 2 PdCl 4 was reduced 
to palladium metal in an aqueous ethanolic solution [22]. The reaction involves a 
(3-hydride elimination from an alkoxymetal intermediate and is a commonly used 
method for the preparation of noble metal hydrides [Eq. (1)]. In the presence of di- 
oxygen this leads to catalytic oxidative dehydrogenation of the alcohol, e.g., with pal- 
ladium salts [23-27]. 



- N „ 

MJ C C. 
H 



-»- MH + 



O 



(1) 



The aerobic oxidation of alcohols catalyzed by low-valent late transition metal 
ions, particularly those of Group VIII elements, involves an oxidative dehydrogena- 
tion mechanism. In the catalytic cycle (see Scheme 4.5) a hydridometal species, 
formed by P-hydride elimination from an alkoxymetal intermediate, is reoxidized by 
dioxygen, presumably via insertion of 2 into the M-H bond with the formation of 
H 2 2 . Alternatively, an alkoxymetal species can decompose to a proton and the re- 
duced form of the catalyst (see Scheme 4.5), either directly or via the intermediacy of 
a hydridometal intermediate. These reactions are promoted by bases as co-catalysts, 
which presumably facilitate the formation of an alkoxymetal intermediate and/or 
P-hydride elimination. Examples of metal ions that operate via this pathway are Pd 11 , 
Ru"andRh ln . 




c=o 



0H ^ m"-ooh 

Scheme 4.5 Hydridometal pathways for alcohol oxidation 




C=0 + H+ 



Metal-catalyzed oxidations of alcohols with peroxide reagents can be conveniently 
divided into two categories, involving peroxometal and oxometal species, respectively, 
as the active oxidant (Scheme 4.6). In the peroxometal pathway the metal ion remains 
in the same oxidation state throughout the catalytic cycle and no stoichiometric oxida- 
tion is observed in the absence of the peroxide. In contrast, oxometal pathways involve 
a two-electron change in oxidation state of the metal ion and a stoichiometric oxida- 
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Scheme 4.6 Oxometal versus peroxometal pathways in metal 
catalyzed alcohol oxidations 
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OH 



tion is observed, with the oxidized form of the catalyst, in the absence of, e. g., H 2 2 . 
Indeed, this is a test for distinguishing between the two pathways. 

Peroxometal pathways are typically observed with early transition metal ions with 
a d° configuration, e.g., Mo VI , W VI , Ti IV and Re vn , which are relatively weak oxidants. 
Oxometal pathways are characteristic of late transition elements and first row transi- 
tion elements, e.g., Cr vl , Mn v , Os vm , Ru VI and Ru vm , which are strong oxidants in 
high oxidation states. Some metals can operate via both pathways depending, inter 
alia, on the substrate, e.g., vanadium(V) operates via a peroxometal pathway in ole- 
fin epoxidations but an oxometal pathway is involved in alcohol oxidations [28]. 

In some cases, notably ruthenium, the aerobic oxidation of alcohols is catalyzed by 
both low- and high-valent forms of the metal (see later). In the former case the reac- 
tion involves (see Scheme 4.5) the formation of a hydridometal species (or its equiva- 
lent) while the latter involves an oxometal intermediate (see Scheme 4.6), which is re- 
generated by reaction of the reduced form of the catalyst with dioxygen instead of a 
peroxide. It is difficult to distinguish between the two and one should bear in mind, 
therefore, that aerobic oxidations with high-valent oxometal catalysts could involve the 
formation of low-valent species, even the (colloidal) metal, as the actual catalyst. 



4.4 

Ruthenium-catalyzed Oxidations with 2 

Ruthenium compounds are widely used as catalysts in organic synthesis [29, 30] and 
have been studied extensively as catalysts for the aerobic oxidation of alcohols [31]. 
In 1978, Mares and coworkers [32] reported that RuCl 3 • nH 2 catalyzes the aerobic 
oxidation of secondary alcohols into the corresponding ketones, albeit in modest 
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yields. In 1981, Matsumoto and Ito showed that RuCl 3 and RuCl 2 (Ph 3 P) 3 catalyze 
the aerobic oxidation of activated allylic and benzylic alcohols under mild conditions 
[33], e.g., the oxidation of retinol to retinal could be performed at 25 °C (57% yield 
was obtained after 48 h). Aliphatic primary and secondary alcohols were more effi- 
ciently oxidized using trinuclear ruthenium carboxylates, Ru 3 0(0 2 CR) 6 L„ (L = H 2 0, 
Ph 3 P) as the catalysts [34]. With lower aliphatic alcohols, e.g., 1-propanol, 2-propanol 
and 1-butanol, activities were ca. 10 times higher than with RuCl 3 and RuCl 2 (Ph 3 P) 3 . 
Recently somewhat higher activities were reached using RuCl 2 PPh 3 as the catalyst 
with ionic liquids as solvents (Scheme 4.7). These solvents have been tested as envir- 
onmentally friendly solvents for a large variety of reactions [35]. In this particular 
case tetramethylammonium hydroxide and aliquat® 336 (tricaprylylmethylammo- 
nium chloride) were used as the solvent and rapid conversion of benzyl alcohol was 
observed [36]. Moreover the tetramethylammonium hydroxide/RuCl 2 (PPh 3 ) 3 could 
be reused after extraction of the product. 

Ruthenium compounds are widely used as catalysts for hydrogen transfer reac- 



OH 1 m0 |<>/ RuCI 2 (PPh 3 )3 



o 

_x 

Rl^«2 80 °C, 1 atm 2 Rl * 2 



solvent: tetramethylammonium aliquat 
hydroxide 

R 1 =PhCH 2 , R 2 =H 91% conv. (5 h) 58% cony. (5 h) 

Ri , R 2 , = c-C 7 H 14 61% conv. (1 1 h) 92% conv. (1 1 h) 

Rl=C 6 H 13 , R 2 =CH 3 43 % com - ( 25 ") 81% com - < 25 h > 



Scheme 4.7 Aerobic Ru-catalyzed oxidation in ionic liquids 



tions. These systems can be readily adapted to the aerobic oxidation of alcohols by 
employing dioxygen, in combination with a hydrogen acceptor as a cocatalyst, in a 
multistep process. For example, Backvall and coworkers [37] used low-valent ruthe- 
nium complexes in combination with a benzoquinone and a cobalt-Schiff's base 
complex. The coupled catalytic cycle is shown in Scheme 4.8. A low-valent ruthe- 
nium complex reacts with the alcohol to afford the aldehyde or ketone product and a 
ruthenium dihydride. The latter undergoes hydrogen transfer to the benzoquinone 
to give hydroquinone with concomitant regeneration of the ruthenium catalyst. The 
cobalt-Schiff's base complex catalyzes the subsequent aerobic oxidation of the hy- 
droquinone to benzoquinone to complete the catalytic cycle. Optimization of the 
electron-rich quinone, combined with the so-called "Shvo" Ru-catalyst, led to one of 
the fastest catalytic systems reported for the oxidation of secondary alcohols [37 c]. 
The reaction conditions and results for selected alcohols are reported in Table 4.2. 

The regeneration of the benzoquinone can also be achieved with dioxygen in the 
absence of the cobalt co-catalyst. Thus, Ishii and coworkers [38] showed that a combi- 
nation of RuCl 2 (Ph 3 P) 3 , hydroquinone and dioxygen, in PhCF 3 as solvent, oxidized 
primary aliphatic, allylic and benzylic alcohols to the corresponding aldehydes in 
quantitative yields [Eq. (2)]. 
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Scheme 4.8 Ruthenium catalyst in combination with a hydrogen 
acceptor for aerobic oxidation 



Tab. 4.2 Ruthenium/quinone/Co-salen catalyzed aerobic oxidation of secondary alcohols 3 

Substrate Time (h) Isolated yield f%) 

n-C 6 H 13 -CH(CH 3 )-OH 1 92 

Cyclohexanol 1 92 

Cyclododecanol 1.5 86 

PhCH(CH 3 )-OH 1 89 

L-menthol 2 80 

a According to ref. [37 c]. Reaction conditions: 1 mmol substrate, 1 mL toluene, 100 °C, 1 atm air; 
employing 0.5 mol% [(C 4 Ph4COHOCC4Ph 4 )(u.-H)(CO)4Ru 2 ], 20 mol% 2,6-dimethoxy-l,4-benzoquinone, 
and 2 mol% bis(salicylideniminato-3-propyl)rnethylamino-cobalt(II) as catalysts. 



OH 



2 (1 bar), 60°C, 20h 

» 

RuCI 2 (Ph 3 P) 3 (10mol%) 
hydroquinone (10 mol%) 
K 2 C0 3 , PhCF 3 



(2) 



90% conv. 
>99% sel. 

A combination of RuCl 2 (Ph 3 P) 3 and the stable nitroxyl radical, 2,2',6,6'-tetra- 
methylpiperidine-N-oxyl (TEMPO) is a remarkably effective catalyst for the aerobic 
oxidation of a variety of primary and secondary alcohols, giving the corresponding al- 
dehydes and ketones, respectively, in >99% selectivity [39]. The best results were ob- 
tained using 1 mol% of RuCl 2 (Ph 3 P) 3 and 3 mol% of TEMPO [Eq. (3)]. 



RuCI 2 (Ph 3 P) 3 (1 mol%) 
TEMPO (3 mol%) 

8%O 2 /N 2 (10bar) 
100°C, PhCI, 7h 



(3) 



95% conv. 
>99% sel. 
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Tab. 4.3 Ruthenium-TEMPO catalyzed oxidation of primary and secondary alcohols to the corre- 
sponding aldehyde using molecular oxygen" 



Substrate 


S/Cratio b 


Time (h) 


Conv. (%) c 


n-C 7 H 15 CH 2 OH 


50 


7 


85 


n-C 6 H 13 CH(CH 3 )OH 


100 


7 


98 


Adamantan-2-ol 


100 


7 


92 


Cyclooctanol 


100 


7 


92 


(CH 3 ) 2 C=CHCH 2 OH 


67 


7 


96 


(CH 3 )2C=CH(CH 2 )2CH(CH3)=CHCH 2 OH d 


67 


7 


91 


PhCH 2 OH e 


200 


2.5 


>99 


(4-N0 2 )PhCH 2 OH e 


200 


6 


97 


PhCH(CH 3 )-OH 


100 


4 


>99 



a 15 mmol substrate, 30 mL chlorobenzene, RuCl 2 (PPh 3 ) 3 /TEMPO ratio of 1/3, 10 mL min -1 2 / 
N 2 (8/92; v/v), P = 10 bar, T = 100 °C. Substrate/Ru ratio. c Conversion of substrate, selectivity 
to aldehyde or ketone >99%. Geraniol. e 1 atm 2 . 



The results obtained in the oxidation of representative primary and secondary ali- 
phatic alcohols and allylic and benzylic alcohols using this system are shown in 
Table 4.3. 

Primary alcohols give the corresponding aldehydes in high selectivity, e.g., 1-octa- 
nol affords 1-octanal in >99% selectivity. Over-oxidation to the corresponding car- 
boxylic acid, normally a rather facile process, is completely suppressed in the pre- 
sence of a catalytic amount of TEMPO. For example, attempted oxidation of octanal 
under the reaction conditions, in the presence of 3 mol% TEMPO, gave no reaction 
in one week. In contrast, in the absence of TEMPO octanal was completely converted 
into octanoic acid within 1 h under the same conditions. These results are consistent 
with over-oxidation of aldehydes occurring via a free radical autoxidation mechan- 
ism. TEMPO suppresses this reaction by efficiently scavenging free radical inter- 
mediates resulting in the termination of free radical chains, i.e., it acts as an antioxi- 
dant. Allylic alcohols were selectively converted into the corresponding unsaturated 
aldehydes in high yields. No formation of the isomeric saturated ketones via intra- 
molecular hydrogen transfer, which is known to be promoted by ruthenium phos- 
phine complexes [40], was observed. 

Although, in separate experiments, secondary alcohols are oxidized faster than pri- 
mary ones, in competition experiments the Ru/TEMPO system displayed a prefer- 
ence for primary over secondary alcohols. This can be explained by assuming that in- 
itial complex formation between the alcohol and the ruthenium precedes rate-limit- 
ing hydrogen transfer and determines substrate specificity, i.e., complex formation 
with a primary alcohol is favored over a secondary one. 

An oxidative hydrogenation mechanism, analogous to that proposed by Backvall 
for the Ru/quinone system (see above), can be envisaged for the Ru/TEMPO system 
(see Scheme 4.9). 

The intermediate hydridoruthenium species is most probably RuH 2 (Ph 3 P) 3 as 
was observed in RuCi2(Ph 3 P) 3 -catalyzed hydrogen transfer reactions [41]. The obser- 
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R 1 OH 




Ru 



RuH 2 




1/2 2 



H 2 



Scheme 4.9 Ruthenium/TEMPO catalyzed aerobic oxidation of 
alcohols 



vation that RuH 2 (Ph 3 P) 4 exhibits the same activity as RuCl 2 (Ph 3 P) 3 in the Ru/ 
TEMPO catalyzed aerobic oxidation of 2-octanol is consistent with this notion. The 
TEMPO acts as a hydrogen transfer mediator by promoting the regeneration of the 
ruthenium catalyst, via oxidation of the ruthenium hydride, resulting in the conco- 
mitant formation of the corresponding hydroxylamine, TEMPOH. The latter then 
undergoes rapid reoxidation to TEMPO, by molecular oxygen, to complete the cataly- 
tic cycle (see Scheme 4.9). 

A linear increase in the rate of 2-octanol oxidation was observed with increasing 
TEMPO concentration in the range 0-4 mol% but above 4 mol% further addition of 
TEMPO had a negligible effect on the rate. Analogous results were observed by 
Backvall and coworkers [42] in the Ru/benzoquinone system and were attributed to 
a change in the rate-limiting step. Hence, by analogy, we propose that at relatively 
low TEMPO/Ru ratios (up to 4:1) reoxidation of the ruthenium hydride species is 
the slowest step while at high ratios dehydrogenation of the alcohol becomes rate- 
limiting. 

Under an inert atmosphere RuCl 2 (Ph 3 P) 3 catalyzes the stoichiometric oxidation of 
2-octanol by TEMPO, to give 2-octanone and the corresponding piperidine, TEMPH, 
in a stoichiometry of 3 :2 as denoted in [Eq. (4)] [39]. 



, R' OH 

6 X + 2 , _ 
,2 H / ^N 



R z 




O 



RuCI 2 (Ph 3 P)3 Ri 

*- 3 >=0 + 2 

PhCI, N 2 , 100°C R 2 




2 H 2 



TEMPH 



(4) 



This result can be explained by assuming that the initially formed TEMPOH (see 
above) undergoes disproportionation to TEMPH and the oxoammonium cation [Eq. 
(5)]. Reduction of the latter by the alcohol affords another molecule of TEMPOH and 
this leads, ultimately, to the formation of the ketone and TEMPH in the observed 
stoichiometry of 3 : 2. The observation that attempts to prepare TEMPOH [43] under 
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an inert atmosphere always resulted in the formation of TEMPH is consistent with 
this hypothesis. 




N 
OH 




+ 




HO 



(5) 



TEMPH 



Based on the results discussed above the detailed catalytic cycle depicted in 
Scheme 4.10 is proposed for the Ru/TEMPO catalyzed aerobic oxidation of alcohols. 

The alcohol oxidations discussed above involve, as a key step, the oxidative dehydro- 
genation of the alcohol to form low-valent hydridoruthenium intermediates. On the 
other hand, high-valent oxoruthenium species are also able to dehydrogenate alcohols 
via an oxometal mechanism (see Scheme 4.6). It has long been known that ruthe- 
nium tetroxide, generated by reaction of ruthenium dioxide with periodate, smoothly 
oxidizes a variety of alcohols to the corresponding carbonyl compounds [44]. 

Griffith and coworkers [45] reported the synthesis of the organic soluble tetra-n- 
butylammoniumperruthenate (TBAP), n-Bu 4 N + Ru0 4 , in 1985. They later found that 
tetra-w-propylammoniumperruthenate (TPAP), n-Pr 4 N + Ru0 4 , is even easier to pre- 
pare, from Ru0 4 and n-Pr 4 NOH in water [46, 47]. TBAB and TPAP are air-stable, 
non-volatile and soluble in a wide range of organic solvents. Griffith and Ley [48, 49] 
subsequently showed that TPAP is an excellent catalyst for the selective oxidation of 



RuCI 2 (PPh 3 ) 3 



2R 1 R 2 CHOH 
2R 1 R 2 CO + 2HCI 



R'R^CO 



2p1 



R n RCHO 



Scheme 4.10 Proposed mechanism for the ruthenium/TEMPO 
catalyzed oxidation of alcohols 



H-,0 
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a wide variety of alcohols using N-methylmorpholine-N-oxide (NMO) as the stoichio- 
metric oxidant [Eq. (6)]. 



R OH 



Pr 4 N + Ru0 4 - (5 mol%), 4A MS 



NMO(1.5equiv.), RT, Ar, <1 h 



R ^o 



(6) 



More recently, the groups of Ley [50] and Marko [51] independently showed that 
TPAP is able to catalyze the oxidation of alcohols using dioxygen as the stoichiometric 
oxidant. In particular, polymer supported perruthenate (PSP), prepared by anion ex- 
change of KRu0 4 with a basic anion exchange resin (Amberlyst A-26), has emerged as 
a versatile catalyst for the aerobic oxidation [Eq. (7)] of alcohols [52]. However the activ- 
ity was ca. 4 times lower than homogeneous TPAP, and this catalyst could not be re- 
cycled, which was attributed to oxidative degradation of the polystyrene support. PSP 
displays a marked preference for primary versus secondary alcohol functionalities [52]. 
The problem of deactivation was also prominent for the homogeneous TPAP oxida- 
tion, which explains the high (10 mol%) loading of catalyst required. 



«^NMe 3 Ru0 4 " (10 mol%) 

"OH *- R^*0 

2 , 75-85°C yield 56-95% 

toluene, 0.5-0.8 h 



(7) 



Examples illustrating the scope of TPAP-catalyzed aerobic oxidation of primary 
and secondary alcohols to the corresponding aldehydes are shown in Table 4.4. 

Recently two heterogeneous TPAP-catalysts were developed, which could be re- 
cycled successfully and displayed no leaching: In the first example the tetraalkylam- 



Tab. 4.4 Perruthenate catalyzed oxidation of primary and secondary alcohols to aldehydes using 
molecular oxygen 



Substrate 



Toluene, 75-85 °C 
10 mol% polymer 
supported 
perruthenate (PSP) b 



Carbonyl yield* 
Toluene, 70-80 °C, 
4 A MS, 5 mol% 
tetrapropyl-ammo- 
niumperruthenate 
(TPAP) C 



Toluene, 75 °C, 
JO mol% TPAP 
doped sol-gel 
ormosil 6 



C 7 Hi 5 CH 2 OH 

C 9 H 19 CH 2 0H 

C 9 H 19 CH(CH 3 )-OH 

(H 3 C) 2 N(CH 2 ) 2 CH 2 OH 

PhCH 2 OH 

(4-Cl)PhCH 2 OH 

Ph-CH=CHCH 2 OH 



91% (8 h) 



>95%(8h) 
>95%(0.5h) 

>95%(lh) 



73%(0.5h) e 
88% (0.5 h) 



81% (0.5 h) 
70% (0.5 h) 



70% (7 h) 

100% (0.75 h) 
90% (5 h) 



a Yields at 100% conversion. Ley and coworkers [52]. c Marko et al. [51]. 
minna [54]. e 94% conversion, no molecular sieves were added. 



Pagliaro and Ciri- 
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monium perruthenate was tethered to the internal surface of mesoporous silica 
(MCM-41) and was shown [53] to catalyze the selective aerobic oxidation of primary 
and secondary allylic and benzylic alcohols (Scheme 4.11). Surprisingly, both cyclo- 
hexanol and cyclohexenol were unreactive although these substrates can easily be ac- 
commodated in the pores of MCM-41. No mechanistic interpretation for this sur- 
prising observation was offered by the authors. 



External — Si-OH capped with Ph 2 SiCI 2 



Internal 



-Si-OH 



/ 



1. Br' 



2. Et 3 N 

3. KRu0 4 



SiCU 




NEt 3 RuCXf 



tethered perruthenate 
in MCM-41 



OH 



10 wt% catalyst 
(1.1 wt% Ru) 

2 , toluene 
80 °C, 0.5-3 h 




quantitative yield 



Scheme 4.11 Aerobic alcohol oxidation catalyzed by perruthenate 
tethered to the internal surface of MCM-41 



The second example involves straightforward doping of methyl modified silica, de- 
noted as ormosil, with tetrapropylammonium perruthenate via the sol-gel process 
[54] (see Table 4.4). A serious disadvantage of this system is the low-turnover fre- 
quency (1.0 and 1.8 h _1 ) observed) for primary aliphatic alcohol and allylic alcohol, 
respectively. 

Sparse attention has been paid to the mechanism of perruthenate-catalyzed alcohol 
oxidations [55]. Although TPAP can act as a three-electron oxidant (Ru vn -> Ru lv ) 
the fact that it selectively oxidizes cyclobutanol to cyclobutanone and tert-butyl phenyl- 
methanol to the corresponding ketone, militates against free radical intermediates 
and is consistent with a heterolytic, two-electron oxidation [55, 56]. Presumably, the 
key step involved (3-hydride elimination from a high-valent, e.g., alkoxyruthenium 
(VII) intermediate followed by reoxidation of the lower valent ruthenium by dioxy- 
gen. However, as shown in Scheme 4.12, if this involved the Ru VII /Ru v couple the re- 
oxidation would require the close proximity of two ruthenium centers, which would 
seem unlikely in a polymer-supported catalyst. A plausible alternative, which can oc- 
cur at an isolated ruthenium center involves the oxidation of a second molecule of 
alcohol, resulting in the reduction of ruthenium (V) to ruthenium (III), followed by 
reoxidation of the latter to ruthenium (VI I) by dioxygen (see Scheme 4.12). 

More detailed mechanistic studies are obviously necessary in order to elucidate 
the details of this fascinating reaction. It is worth noting, in this context, that the re- 
action of TPAP with 2-propanol was found to be autocatalytic, possibly due to the for- 
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Scheme 4.12 Proposed catalytic cycle for reoxidation of perruthenate 
in the oxidation of alcohols 



mation of colloidal Ru0 2 [57]. Another possible alternative is one involving the initial 
formation of oxoruthenium(VI), followed by cycling between ruthenium (VI), ruthe- 
nium(IV) and possibly ruthenium (II). 

We note, in this context, that James and coworkers [58] showed that a trans-dioxor- 
uthenium(VI) complex of meso-tetrakismesitylporphyrin dianion (tmp) oxidizes iso- 
propanol, in a stoichiometric reaction, with concomitant formation of a dialkoxy- 
ruthenium(IV) tmp complex [Eq. (8)]. 

Ru vl (tmp)0 2 + 3 Me 2 CHOH ► Ru lv (tmp)(OCHMe 2 ) 2 + Me 2 CO 

+ 2H 2 

The oxoruthenium(VI) complex was prepared by exposing a benzene solution of 
trans-Ru 11 (tmp)(MeCN) 2 to air at 20 °C. Addition of isopropanol to the resulting so- 
lution, in the absence of air, afforded the dialkoxyruthenium(IV) complex, in quanti- 
tative yield, within 24 h. In the presence of air, benzene solutions of the dioxoruthe- 
nium(VI) or the dialkoxyruthenium(IV) complex effected catalytic oxidation of iso- 
propanol at room temperature, albeit with a modest rate (1.5 catalytic turnovers per 
day). Interestingly, with the dialkoxyruthenium(IV) complex, catalytic oxidation was 
observed with air but not with dry oxygen, suggesting that hydrolysis to an oxoruthe- 
nium(IV) complex is necessary for a catalytic cycle. 

Other ruthenium-based catalysts for the aerobic oxidation of alcohols have been 
described where it is not clear if they involve oxidative dehydrogenation by low-valent 
ruthenium, to give hydridoruthenium intermediates, or by high-valent oxoruthe- 
nium. For example, both Ru0 2 and 5 % Ru-on-charcoal catalyze the aerobic oxidation 
of activated alcohols such as allylic alcohols [59] and ot-ketols [60], e.g., Eq. (9). 

\ /° H Ru0 2 /0 2 (1 bar) \ — <f 

T>0 " \>0 (9) 

>/ o-C 6 H 4 CI 2 , 180°C, 3h O 

° 6 4 2, yield 99.5% 
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Kagan and coworkers [61] have described the use of ruthenium supported on 
ceria, Ce0 2 , as a catalyst for the aerobic oxidation of alcohols. Primary and secondary 
alcohols are oxidized to the corresponding aldehydes (carboxylic acids) and ketones, 
respectively, at elevated temperatures (>140 °C). Surprisingly, allylic alcohols, such as 
geraniol, and some cyclic alcohols, e.g., menthol, are unreactive. The former result 
suggests that low-valent ruthenium species are possibly involved and that coordina- 
tion of ruthenium to the double bond inhibits alcohol oxidation. 

Recently Mizuno and Yamaguchi [62] reported ruthenium on alumina to be a 
powerful and recyclable catalyst for selective alcohol oxidation. This method dis- 
played a large substrate scope [see Eq. (10) and Table 4.5] and tolerates the presence 
of sulfur and nitrogen groups. Only primary aliphatic alcohols required the addition 
of hydroquinone. Turnover frequencies in the range of 4 h _1 (for secondary allylic al- 
cohols) to 18 h _1 (for 2-octanol) were obtained in trifluorotoluene, while in the sol- 
vent-free oxidation at 150 °C a TOF of 300 h _1 was observed for 2-octanol. 

R H 2.5 mol% Ru(OH) 3 on Al 2 3 R 
^ + 0.5 2 »- ^=0 + H 2 (10 ) 

R 2 0H PhCF 3 , 83 °C, 1 atm0 2 R2 

The catalyst consists of highly dispersed Ru(OH) 3 on the surface of y-Al 2 3 . 
Based, inter alia, on the fact that this catalyst is also capable of performing a transfer 
hydrogenation using 2-propanol as the hydrogen donor, it was concluded that the 
mechanism of this reaction proceeds via a hydridometal pathway. 

Ruthenium-exchanged hydrotalcites were shown by Kaneda and coworkers [63], 
to be heterogeneous catalysts for the aerobic oxidation of reactive allylic and 
benzylic alcohols. Hydrotalcites are layered anionic clays consisting of a cationic 
Brucite layer with anions (hydroxide or carbonate) situated in the interlayer region. 
Various cations can be introduced in the Brucite layer by ion exchange. For exam- 
ple, ruthenium-exchanged hydrotalcite with the formula Mg 6 Al 2 Ruo.5(OH) 16 C0 3 , 
was prepared by treating an aqueous solution of RuCl 3 • 3H 2 0, MgCl 2 • 6H 2 and 



Tab. 4.5 Ru (OH) 3 -AI 2 3 catalyzed oxidation of primary and secondary alcohols to the correspon- 
ding aldehydes and ketones using 2 a 



Substrate 




Time 


w 


Conversion 


(%) 


Selectivity (%) 


n-C 6 H 13 CH(CH 3 )OH 




2 




91 




>99 


Cyclooctanol 




6 




81 




>99 


n-C 7 H 15 CH 2 OH b 




4 




87 




98 


PhCH(CH 3 )OH 




1 




>99 




>99 


(CH 3 ) 2 C=CH(CH 2 ) 2 CH(CH 3 )= 


=CHCH 2 OH c 


6 




89 




97 


PhCH 2 OH 




1 




>99 




>99 


(4-N0 2 )PhCH 2 OH 




3 




97 




>99 



a According to ref. [62]; 2.5 mol% Ru/Al 2 3 , PhCF 3 as solvent, 83 C C, 1 atm O z ; conversion and yields 
determined by GLC. 5 mol% Ru/Al 2 3 and 5 mol% hydroquinone (to suppress over- oxidation) were 
used. c Geraniol 
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AICI3 • H 2 with a solution of NaOH and Na 2 C0 3 followed by heating at 60 °C for 
18 h [63]. The resulting slurry was cooled to room temperature, filtered, washed 
with water and dried at 110 °C for 12 h. The resulting ruthenium-hydrotalcite 
showed the highest activity amongst a series of hydrotalcites exchanged with, e.g., 
Fe, Ni, Mn,V and Cr. 

Subsequently, the same group showed that the activity of the ruthenium-hydrotal- 
cite was significantly enhanced by the introduction of cobalt (II), in addition to ruthe- 
nium(III), in the Brucite layer [64]. For example, cinnamyl alcohol underwent com- 
plete conversion in 40 min in toluene at 60 °C, in the presence of Ru/Co-HT, com- 
pared with 31% conversion under the same conditions with Ru-HT. A secondary ali- 
phatic alcohol, 2-octanol, was smoothly converted into the corresponding ketone but 
primary aliphatic alcohols, e.g., 1-octanol, exhibited extremely low activity. The 
authors suggested that the introduction of cobalt induced the formation of higher 
oxidation states of ruthenium, e.g., Ru IV to Ru VI , leading to a more active oxidation 
catalyst. However, on the basis of the reported results it is not possible to rule out 
low-valent ruthenium species as the active catalyst in a hydridometal pathway. The 
results obtained in the oxidation of representative alcohols with Ru-HT and Ru-Co- 
HTare compared in Table 4.6. 



Tab. 4.6 Oxidation of various alcohols to their corresponding aldehydes or ketones with Ru-hydro- 
talcites using molecular oxygen 3 



Substrate 


Ru-Mg-AI 


-co 3 -, 


HT b 


Ru-Co-AI-C0 3 -HT c 




Time 


Yield 


(%) 


Time 


Yield (%) 


PhCH=CHCH 2 OH 


8h 


95 d 




40 min 


94 


PhCH 2 OH 


8h 


95 d 




lh 


96 


4-ClPhCH 2 OH 


8h 


61 e 




1.5 h 


95 


PhCH(CH 3 )OH 


18 h 


100 




1.5 h 


100 


n-C 6 H 13 CH(CH 3 )OH 


- 


- 




2h 


97 


(CH 3 ) 2 C=CH(CH 2 ) 2 CH(CH 3 )CH 2 OH r 


- 


- 




12 h 


71 E 



a 2 mmol substrate, 0.3 g hydrotalcite ( ss 14 mol%), in toluene, 60 °C, 1 bar 2 . Conversion 100% 
See ref. [63]. c See ref. [64]. Conversion 98%. e Conversion 64%. Geraniol. B Conver- 
sion 89%. 



In 2000, Kaneda et al. synthesized a ruthenium-based hydroxyapatite catalyst, with 
the formula (RuCl) 10 (PO 4 )6(OH) 2 [65]. This catalyst could also be recycled and dis- 
played a reasonable substrate scope in the aerobic alcohol oxidations [e.g., Eq. (11)]. 
Turnover frequencies reported in this case were generally somewhat lower, in the 
order of 1 h _1 for 2-octanol, to 12 h _1 for benzyl alcohol. The fact that distinct Ru-Cl 
species are present at the surface points in the direction of a hydridometal mechan- 
ism. 

RuCI-hydroxyapatite (17 mol%) 

(11) 



toluene, 80 °C, 6 h, 1 atm 2 
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The same group recently reported the use of a ferrite spinel catalyst (MnFe 2 4 ), 
where the iron was partially substituted with Ru and Cu, i. e., MnFe! 5 Ru 35 Cu 15 4 
for the room temperature oxidation of alcohols [66]. However, 20 mol% catalyst 
(based on ruthenium) was necessary to accomplish even the oxidation of benzyl alco- 
hol. For primary and secondary aliphatic alcohols turnover frequencies of 2 h _1 and 
3.5 h _1 , respectively, were the maximum rates achieved. 

Another class of ruthenium catalysts, which has attracted considerable interest 
due to their inherent stability under oxidative conditions, is the polyoxometalates 
[67]. Recently, Yamaguchi and Mizuni [68] reported that a mono-ruthenium-substi- 
tuted silicotungstate, synthesized by the reaction of the lacunary polyoxometalate 
[SiWn0 3 9] 8 ~ with Ru 3+ in an organic solvent, acts as an efficient heterogeneous cata- 
lyst with high turnover frequencies for the aerobic oxidation of alcohols (see Ta- 
ble 4.7). Among the solvents used 2-butyl acetate was the most effective and this Ru- 
heteropolyanion could be recycled. The low loading used resulted in very long reac- 
tion times of >2d (see Table 4.7). 

Tab. 4.7 Ru substituted-polyoxometalates as catalysts for the oxidation of alcohols 

Substrate Mono-Ru-silicotungstate" Over-exchanged Ru/SiW 1 ,0 39 /THA h 

Time (h) Conv. (Sel.) (%f Time (h) Com. (Sel.) (%) 



48 44 (38) 

99 (92) 

2 100 (96) 

100 (96) 

a 0.05 mol% [TBA] 4 H[SiW n Ru(H 2 0)03 9 ].2H 2 0, isobutyl acetate as solvent, 110 °C, 1 atm 2 see 
ref. [68]. 5.8 mol% (on Ru) (THA) x (Ru 7 0y)SiWii039, a homogeneous catalyst, prepared by ex- 
changing lacunary KgfSiWnC^] with basic RuCl 3 , followed by precipitation in organic solution: 
temperature 80 °C, solvent PhCl see ref. [69]. c Selectivity towards aldehyde or ketone. 30% 
acid was also formed. e 10% benzoic acid was also formed. 



An example of a homogeneous Ru-heteropolyanion derivative is also shown in 
Table 4.7. In this case the same lacunary silicotungstate was over-exchanged with a 
basic RuCl 3 solution. The resulting solution was precipitated in organic solution 
using [(C s H 13 ) 4 N]HS0 4 [69] and elemental analysis showed that 7 Ru molecules 
were present per molecule of [SiWn0 3 9] 8 ~. This led us to postulate a structure com- 
prising Ru-oxide clusters stabilized by the HPA. This material displayed better re- 
sults than Ru-HPA molecules which were prepared according to previous publica- 
tions and subjected to the conditions in Table 4.7 [70, 71] 

In contrast to the above mentioned reactions, which involve either oxoruthenium 
or ruthenium-hydride species as intermediates, free radical reactions can also be pro- 
moted by ruthenium. The aerobic oxidation of alcohols proceeds smoothly at room 
temperature in the presence of one equivalent of an aldehyde, e.g., acetaldehyde, 
and a catalyst comprising a 1 : 1 mixture of RuCl 3 ■ nH 2 and Co(OAc) 2 , in ethyl acet- 
ate [Eq. (12)] [72]. 



n-C 7 H 15 CH(CH 3 )OH 


120 


90 (88) 


Cyclohexanol 


48 


67 (81) 


n-C 6 H 13 CH(CH 3 )OH 


48 


14 (44) d 


Ph-CH=CH 2 -CH 2 OH 






PhCH 2 OH 


120 


36 (65) e 
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OH RuCI 3 -Co(OAc) 2 (1 mol%) O 

R^ r2 RCHO^equiv,^ ^^ < 12 > 

20°C, ethylacetate 

Representative examples are shown in Table 4.8. The results were rationalized by 
assuming that the corresponding percarboxylic acid is formed by cobalt-mediated 
free radical autoxidation of the aldehyde. Subsequent reaction of ruthenium (II I) 
with the peracid affords oxoruthenium(V) carboxylate which is the active oxidant. 
Compared with the aerobic oxidations discussed above the method suffers from the 
drawback that one equivalent of a carboxylic acid is formed as a coproduct. 

Tab. 4.8 Oxidation of alcohols with a ruthenium/cobalt/aldehyde catalytic system using molecular 
oxygen 3 



Substrate 




Product 




Isolated yield (%) 


n-C 3 H 7 CH(OH)-n 


-C4M9 


n-C 3 H 7 C(=0)-n- 


C4H9 


89 


Cyclooctanol 




cyclooctanone 




95 


L-menthol 




L-menthone 




91 


PhCH(CH 3 )OH 




PhC(0)CH 3 




94 


n-C 7 H 15 CH 2 OH 




n-C 7 H 15 COOH 




96 



a According to ref. [72]. Reaction conditions: 10 mmol alcohol, 0.10 mmol RuCl 3 ■ nH 2 0, 0.10 mmol 
Co(OAc).4H 2 0, EtAc, 40 mmol acetaldehyde added over 1.5 h, 20 °C, 1 bar 2 . 



4.5 

Palladium-catalyzed Oxidations with 2 

Palladium (II) is also capable of mediating the oxidation of alcohols via the hydrido- 
metal pathway shown in Scheme 4.5. Blackburn and Schwarz first reported [73] the 
PdCl 2 -NaOAc-catalyzed aerobic oxidation of alcohols in 1977. However, activities 
were very low, with turnover frequencies of the order of 1 h _1 . Subsequently, much 
effort has been devoted to finding synthetically useful methods for the palladium- 
catalyzed aerobic oxidation of alcohols. For example, the giant palladium cluster, 
Pd5 61 phen6o(OAc) lgo [74], was shown to catalyze the aerobic oxidation of primary 
allylic alcohols to the corresponding a,[3-unsaturated aldehydes [Eq. (13)] [75]. 

R 3 Pd 561 phen 60 (OAc) 180 (3.3 mol% Pd) 
RlJ^^OH + 1/2 2 »- 




60°C/AcOH . , , 




In 1998, Peterson and Larock showed that Pd(OAc) 2 , in combination with 
NaHC0 3 as a base in DMSO as the solvent, catalyzed the aerobic oxidation of pri- 



4.5 Palladium-catalyzed Oxidations with 2 101 

mary and secondary allylic and benzylic alcohols to the corresponding aldehydes and 
ketones, respectively, in fairly good yields [76]. In both cases, ethylene carbonate and 
DMSO acted both as the solvent as well as the ligand necessary for a smooth reoxida- 
tion [77]. Similarly, PdCl 2 , in combination with sodium carbonate and a tetraalkyl- 
ammonium salt, Adogen 464, as a phase transfer catalyst, catalyzed the aerobic oxi- 
dation of alcohols, e.g., 1,4- and 1,5-diols afforded the corresponding lactones 
[Eq. (14)] [78, 79]. 

10mol%PdCI 2 ,P 

_ Na 2 C0 3 , Adogen 464 




O (14) 

OH CICH 2 CH 2 CI, reflux 

air (1 atm), 24 h (76%) 

However, these methods suffer from low activities and/or narrow scope. Uemura 
and coworkers [80, 81] reported an improved procedure involving the use of 
Pd(OAc) 2 (5 mol%) in combination with pyridine (20 mol%) and 3 A molecular 
sieves (500 mg per mmol of substrate) in toluene at 80 °C. This system smoothly cat- 
alyzed the aerobic oxidation of primary and secondary aliphatic alcohols to the corre- 
sponding aldehydes and ketones, respectively, in addition to benzylic and allylic alco- 
hols. Representative examples are summarized in Table 4.9. 1,4- and 1,5-Diols af- 
forded the corresponding lactones. This approach could also be employed under 
fluorous biphasic conditions [82]. 



Tab. 4.9 Pd '-catalyzed oxidation of various alcohols to their corresponding ketones or aldehydes 
in the presence of pyridine using molecular oxygen" 

Substrate Conversion after 2 h (%) Yield aldehyde /ketone (%) 

100 

98 
93 b 

97 b 
35 b 

a Data from ref. [81]. Reaction conditions: alcohol 1.0 mmol, 5 mol% Pd(OAc) 2 , 20 mol% pyridine, 
500 mg MS 3A, toluene 10 mL, 80 °C, 1 bar 2 , 2 h. b Isolated yield. 



Recently Stahl et al. conducted mechanistic studies on both systems: the Pd/ 
DMSO and the Pd/pyridine system [83, 84]. Kinetic studies revealed that in the Pd/ 
pyridine system, the rate exhibits no dependence on the oxygen pressure, and kinetic 
isotope effect studies support turnover-limiting substrate oxidation. In contrast the 
Pd/DMSO system features turnover-limiting oxidation of palladium (0) (see Scheme 
4.13). Moreover in the Pd/pyridine system, pyridine is very effective in oxidizing pal- 
ladium^) by molecular oxygen, but at the same time inhibits the rate of alcohol oxi- 
dation by palladium (II). 



PhCH 2 OH 


100 


4-ClPhCH 2 OH 


100 


n-C n H 23 CH 2 OH 


97 


ra-C 10 H 21 CH(CH 3 )OH 


98 


PhCH=CHCH 2 OH 


46 
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L„Pd(ll) 
H z O v / 

stage 1 



catalyst oxidation 
promoted by pyridine 
andDMSO 1/2 O 



2 
+ 2H + 




L„Pd(0) 
kdec 




RCH 2 OH 



stage 2 

substrate oxidation 
pyridine inhibited 



RCHO 

+ 2H + 



[Pd(0)] m 
Scheme 4.13 Mechanistic insights to Pd/pyridine and Pd/DMSO systems 



Although this methodology constitutes an improvement on those previously re- 
ported, turnover frequencies were still generally < 10 h _1 and, hence, there is consid- 
erable room for further improvement. Recent attempts to replace either pyridine by 
triethylamine [85], or Pd(OAc) 2 by palladacycles [86] all resulted in lower activities. 

Recently, we described the use of a water-soluble palladium (II) complex of sulfo- 
nated bathophenanthroline as a stable, recyclable catalyst for the aerobic oxidation of 
alcohols in a two-phase aqueous-organic medium, e.g., in Eq. (15) [16, 87, 88]. Reac- 
tions were generally complete in 5 h at 100 °C/30 bar air with as little as 0.25 mol% 
catalyst. No organic solvent is required (unless the substrate is a solid) and the pro- 
duct ketone is easily recovered by phase separation. The catalyst is stable and re- 
mains in the aqueous phase, which can be recycled to the next batch. 



S0 3 Na Na0 3 S 



OH 




(15) 



pH 11.5, 100°C, air(30atm), 10 h 



(yield 92%) 



A wide range of alcohols were oxidized with TOFs ranging from 10 h _1 to 100 h _1 , 
depending on the solubility of the alcohol in water (since the reaction occurs in the 
aqueous phase the alcohol must be at least sparingly soluble in water). Thus, in a ser- 
ies of straight-chain secondary alcohols the TOF decreased from 100 h~ to 13 h _1 on 
increasing the chain length from 1-pentanol to 1-nonanol. Representative examples 
of secondary alcohols that were smoothly oxidized using this system are collected in 
Table 4.10. The corresponding ketones were obtained in >99% selectivity in virtually 
all cases. 

Primary alcohols afforded the corresponding carboxylic acids via further oxidation 
of the aldehyde intermediate, e.g.,l-hexanol afforded 1-hexanoic acid in 95% yield. 
It is important to note, however, that this was achieved without the requirement of 
1 equiv. of base to neutralize the carboxylic acid product (which is the case with sup- 
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Tab. 4.10 Conversion of secondary alcohols into their corresponding ketones using a Pd -batho- 
phenanthroline-complex in a two-phase system 3 



Substrate 


Time 


Conversion 


Selectivity b 


Isolated 




I") 


(%) 


(%) 


yield (%) 


n-C 3 H 7 CH(CH 3 )OH 


5 


100 


100 


90 


n-C 4 H 9 CH(CH 3 )OH 


10 


100 


100 


90 


Cyclopentanol 


5 


100 


100 


90 


PhCH(CH 3 )OH 


10 


90 


100 


85 


CH 3 CH=CHCH(CH 3 )OH 


10 


95 


83 c 


79 


n-C 4 H 9 OCH 2 CH(CH 3 )OH 


10 


100 


100 


92 



a Reaction conditions 20 mmol alcohol, 0.05 mmol; PhenS*Pd(OAc) 2 , 1 mmol NaOAc, 100 li C, 30 bar 
air. Selectivity to ketone, determined by gas chromatography with an external standard. c Ether 
(17%) was formed. 



ported noble metal catalysts) [5]. In contrast, when 1 mol% TEMPO (4 equiv. per Pd) 
was added the aldehyde was obtained in high yield, e.g., 1-hexanol afforded 1-hexa- 
nal in 97% yield. Some representative examples of primary alcohol oxidations using 
this system are shown in Table 4.11. The TEMPO was previously shown to suppress 
the autoxidation of aldehydes to the carboxylic acids (see earlier). 

Compared with existing systems for the aerobic oxidation of alcohols, the Pd- 
bathophenanthroline system is among the fastest catalytic systems reported today, 
requires no solvent and product/catalyst isolation involves simple phase separation. 
The system has broad scope but is not successful with all alcohols. Some examples 
of unreactive alcohols are shown in Scheme 4.14. Low reactivity was generally ob- 
served with alcohols containing functional groups which could strongly coordinate 
to the palladium. 

The reaction is half-order in palladium and first-order in the alcohol substrate, 
when measured with a water soluble alcohol to eliminate the complication of mass 
transfer [88]. A possible mechanism is illustrated in Scheme 4.15. The resting catalyst 
is a dimeric complex containing bridging hydroxyl groups. Reaction with the alcohol 
in the presence of a base, added as a cocatalyst (NaOAc) or free ligand, affords a mono- 



Tab. 4.11 Conversion of primary alcohols into their corresponding aldehydes or acids using a Pd - 
bathophenanthroline complex in a two-phase system 3 



Substrate 


Product 


Time 


Conv. 


Sel. b 


Isolated 






(») 


(%) 


(%) 


yield (%) 


n-C 4 H 9 CH 2 OH c 


n-C 4 H 9 CHO 


15 


98 


97 d 


90 


n-C 5 H 9 CH 2 OH 


n-C 5 H 9 COOH 


12 


95 


90 e 


80 


PhCH 2 OH 


PhCHO 


10 


100 


99.8 d 


93 


(CH 3 ) 2 CH=CHCH 2 OH 


(CH 3 ) 2 CH=CHCHO 


10 


95 


83 d 


79 



a Reaction conditions 10 mmol alcohol, 0.05 mmol PhenS*Pd(OAc) 2 , 1 mmol NaOAc, 100 °C, 30 bar air. b 

Selectivity to product, determined by gas chromatography with an external standard. c TEMP 0(4 equiv. 
to Pd) was added. Acid was formed as the major byproduct. e Hexanal and hexanoate were formed. 
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Scheme 4.14 Unreactive alcohols in the Pd-bathophenanthroline 
catalytic system 
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Scheme4.15 Mechanism of Pd-bathophenanthroline catalyzed 
oxidation of alcohols 



meric alkoxy palladium (II) intermediate which undergoes (3-hydride elimination to 
give the carbonyl compound, water and a palladium(O) complex. Oxidative addition of 
dioxygen to the latter affords a palladium (II) n-peroxo complex, which can react with 
the alcohol substrate to regenerate the catalytic intermediate, presumably with conco- 
mitant formation of hydrogen peroxide as was observed in analogous systems [89]. 

According to the proposed mechanism the introduction of substiruents at the 2- 
and 9-positions in the PhenS ligand would, as a result of steric hindrance (see 
Scheme 4.15), promote dissociation of the dimer and enhance the reactivity of the 
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catalyst. This proved to be the case: introduction of methyl groups at the 2- and 9-po- 
sition (the ligand is commercially available and is known as bathocuproin) tripled 
the activity in 2-hexanol oxidation [88]. 

It is worth noting, in this context, that palladium complexes of substituted phe- 
nanthrolines were recently shown [90] to catalyze the formation of hydrogen perox- 
ide, by reaction of a primary or a secondary alcohol with dioxygen, in the presence of 
an acid cocatalyst, e.g., C 7 F 15 C0 2 H, in a biphasic chlorobenzene/water medium at 
70 °C and 5 bar. Turnover frequencies up to 220 h _1 were observed. The hydrogen 
peroxide is formed in the organic phase, via palladium catalyzed oxidation of the 
alcohol, but is subsequently extracted into the water phase where it is protected from 
decomposition by the palladium complex. The same catalyst system was also used 
for the production of hydrogen peroxide from a mixture of carbon monoxide, water 
and dioxygen, with turnover frequencies up to 600 h _1 , according to Eq. (16) [89]. 

Pd"(L)(C 7 F 15 COO) 2 

2 + CO + H 2 >- H 2 2 + C0 2 

70°C 

\atmj Ltm) 1,2,4 C 6 H 3 CI 3 /2-methyl-2-butanol/H 2 ( 16 ) 

L = 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline 

In the context of heterogeneous palladium catalysts, the previously mentioned 
Pd/C catalysts are commonly used for water-soluble substrates, i.e., carbohydrates 
[91]. Other examples of heterogeneous Pd catalysts are rare. Recently it was shown 
that in addition to ruthenium, palladium can also be introduced in the brucite-layer 
of the hydrotalcite [92]. As with Ru/Co-hydrotalcite (see above), apart from benzylic 
and allylic also aliphatic and cyclic alcohols are smoothly oxidized using this palla- 
dium-hydro talcite. However a major shorthcoming is the necessity of at least 
5 mol% catalyst and the co-addition of 20-100 mol% pyridine. 



4.6 

Copper-catalyzed Oxidations with 2 

Copper would seem to be an appropriate choice of metal for the catalytic oxidation of 
alcohols with dioxygen since it comprises the catalytic center in a variety of enzymes, 
e.g., galactose oxidase, which catalyze this conversion in vivo [93, 94]. However, de- 
spite extensive efforts [95] synthetically useful copper-based systems have generally 
not been forthcoming. For instance, in the absence of other metals, CuCl in combi- 
nation with 2,2'-bipyridine (bipy) as the base/ligand shows catalytic activity in the 
aerobic oxidation of alcohols. However, benzhydrol is the only suitable substrate and 
at least 1 equiv. of bipy (relative to substrate) is required to reach complete conver- 
sion. On the other hand, with ortho-phenanthroline as the ligand, CuCl 2 can catalyze 
the aerobic oxidation of a variety of primary and secondary alcohols to the corre- 
sponding carboxylic acids and ketones in alkaline media [95]. 
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A special class of active copper-based aerobic oxidation systems comprises the bio- 
mimetic models of galactose oxidase, i.e., Cu u -phenoxyl radical complexes, reported 
by Stack and Wieghardt [96-99]. Just like the enzyme itself, these monomeric Cu 11 
species are effective only with easily oxidized benzylic and allylic alcohols, simple 
primary and secondary aliphatic alcohols being largely unreactive. A good example 
of a biomimetic model of galactose oxidase is [Cu°BSP], in which BSP stands for a 
salen-ligand with a binaphthyl backbone (Scheme 4.16). The rate determining step 
(RDS) of this interesting system was suggested to involve inner sphere one-electron 
transfer from the alkoxide ligand to Cu 11 followed by hydrogen-transfer to the phe- 
noxyl radical yielding Cu 1 , phenol and the carbonyl product (Scheme 4.16) [100]. 




[Cu (II) BSP] 



0""-°-°^ 

v o t 

V/ PhCHO 



PhCHO 2 

Scheme 4.1 6 [Cu 1 BSP]-catalyzed aerobic oxidation of benzyl alcohol 



More recently, Marko and coworkers [101, 102] reported that a combination of 
CuCl (5 mol%), phenanthroline (5 mol%) and di-tert-butylazodicarboxylate, DBAD 
(5 mol%), in the presence of 2 equiv. of K 2 C0 3 , catalyzes the aerobic oxidation of 
allylic and benzylic alcohols [Eq. (17)]. Primary aliphatic alcohols, e.g., 1-decanol, 
could be oxidized but required 10 mol% catalyst for smooth conversion. 





x = CI", OH" 
O 



N=N 



(5 mol%) 



2 (1 atm), 0.25 equiv. K 2 C0 3 
C 6 H 5 F, 80°C 



(17) 



O 
N(Bn) 2 



(85%) 



The nature of the copper counterion was critical, with chloride, acetate and triflate 
proving to be the most effective. Polar solvents such as acetonitrile inhibit the reac- 
tion whereas smooth oxidation takes place in apolar solvents such as toluene. An ad- 
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Tab. 4.12 Copper-catalyzed aerobic oxidation of alcohols to the corresponding aldehyde or ketone 
using DBAD and K 2 C0 3 a 



Substrate 



Carbonyl yield*" (%) 



MeS-PhCH 2 OH 81 

Ph-CH=CHCH 2 OH 89 

(CH 3 ) 2 C=CH(CH 2 ) 2 CH(CH 3 )CH 2 OH c 71 

C 9 H 19 CH 2 OH 65 

C 9 H 19 CH(CH 3 )OH 88 



a Table adapted from ref. [102]. Conditions: 5 mol% CuCl, 5 mol% phenanthroline, 5 mol% DBAD- 
H 2 (DBAD = dibutylazodicarboxylate), 2 equiv. K 2 C0 3 , gentle stream of 2 , solvent is toluene, 90 °C. 
After 1 h reaction was complete. Isolated yields at 100 % conversion. c Geraniol. 



vantage of the system is that it tolerates a variety of functional groups (see Table 4.12 
for examples). Serious drawbacks of the system are the low activity, the need for 
2 equiv. of K 2 C0 3 (relative to substrate) and the expensive DBAD as a co-catalyst. Ac- 
cording to a later report [103] the amount of K 2 C0 3 can be reduced to 0.25 equiv. by 
changing the solvent to fluorobenzene. 

The active catalyst is heterogeneous, being adsorbed on the insoluble K 2 C0 3 (fil- 
tration gave a filtrate devoid of activity). Besides fulfilling a role as a catalyst support 
the K 2 C0 3 acts as a base and as a water scavenger. The mechanism illustrated in 
Scheme 4.17 was postulated to explain the observed results. 
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Scheme 4.17 Mechanism ofCuCl.phen catalyzed oxidation of 
alcohols using DEAD-H 2 (diethylazo dicarboxylate) as an additive 
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Semmelhack et al. [104] reported that the combination of CuCl and 4-hydroxy 
TEMPO catalyzes the aerobic oxidation of alcohols. However, the scope was limited to 
active benzylic and allylic alcohols and activities were low (10 mol% of catalyst was 
needed for smooth reaction). They proposed that the copper catalyzes the reoxidation 
of TEMPO to the oxoammonium cation. Based on our results with the Ru/TEMPO 
system we doubted the validity of this mechanism. Hence, we subjected the Cu/ 
TEMPO to the same mechanistic studies described above for the Ru/TEMPO system 
[105]. The results of stoichiometric experiments under anaerobic conditions, Ham- 
mett correlations and kinetic isotope effect studies showed a similar pattern to those 
with the Ru/TEMPO system, i.e., they are inconsistent with a mechanism involving 
an oxoammonium species as the active oxidant. Hence, we propose the mechanism 
shown in Scheme 4.18 for Cu/TEMPO-catalyzed aerobic oxidation of alcohols. 



RtF^CO 



RlR 2 CHO-Cu("» 




R^CHOH 

Scheme 4.18 Postulated mechanism for the Cu/TEMPO catalyzed 
oxidation of alcohols 



We have shown, in stoichiometric experiments, that reaction of copper(I) with 
TEMPO affords a piperidinyloxyl copper(II) complex. Reaction of the latter with a 
molecule of alcohol afforded the alkoxy copper (II) complex and TEMPOH. Reaction 
of the alkoxycopper(II) complex with a second molecule of TEMPO gave the carbo- 
nyl compound, copper(I) and TEMPOH. This mechanism resembles that proposed 
for the aerobic oxidation of alcohols catalyzed by the copper-dependent enzyme, ga- 
lactose oxidase, and mimics thereof. Finally, TEMPOH is reoxidized to TEMPO by 
oxygen. We have also shown that copper in combination with PIPO affords an active 
and recyclable catalyst for alcohol oxidation [18]. 



4.7 Other Metals as Catalysts for Oxidation with 2 109 

Recently, two improvements of the Cu/Tempo system were published, which are 
related to solvent innovation. In the first example, Knochel and coworkers [106] 
showed that CuBr.Me 2 S with perfluoroalkyl substituted bipyridine as the ligand was 
capable of oxidizing a large variety of primary and secondary alcohols in a fluorous 
biphasic system of chlorobenzene and perfluorooctane [see Eq. (18) and Table 4.13]. 
In the second example Ansari and Gree [107] showed that the combination of CuCl 
and TEMPO can be used as a catalyst in l-butyl-3-methylimidazolium hexafluoro- 
phosphate, an ionic liquid, as the solvent. However in this case turnover frequencies 
were still rather low even for benzylic alcohol (around 1.3 h~ ). 

CuBr.Me 2 S (2 mol%) and ligand (2 mol%) 
R 1 nH TEMPO (3.5 mol%) 

X - 1 



. H *" '\= 

R 2 n C 8 F 18 / PhCI, 90 °C, 1 atm 2 r^ 

ligand = 

Tab. 4.13 Copper-catalyzed aerobic oxidation of alcohols under fluorous biphasic conditions 3 
Substrate Time (In) Isolated yield (%) 



(18) 




n-C 8 H 17 CH(CH 3 )OH 


7-13 


71 


n-C 9 H 19 CH 2 OH 


7-13 


73 


(2-Br)PhCH 2 OH 


2-7 


96 


PhCH=CH-CH 2 OH 


2-7 


79 



1 For conditions see reaction 18, ref [106]. 



Osborn and coworkers [108-110] reported that CuCl in combination with Os0 4 or 
Pr 4 NRu0 4 (TPAP) catalyzes the aerobic oxidation of alcohols. The scope is rather 
limited, however, and the system would not appear to have any advantages over the 
earlier described ruthenium- and palladium-based systems. Similarly an Mo0 2 (a- 
cac) 2 -Cu(N0 3 ) 2 system[lll] resulted in rather low activities and selectivities for the 
oxidation of primary activated and secondary alcohols. 



4.7 

Other Metals as Catalysts for Oxidation with 2 

In addition to ruthenium, other late and first-row transition elements are capable of 
dehydrogenating alcohols via an oxometal pathway. Some are used as catalysts, in 
combination with H 2 2 or R0 2 H, for the oxidative dehydrogenation of alcohols (see 
later). By analogy with ruthenium, one might expect that regeneration of the active 
oxidant with dioxygen would be possible. For example, one could easily envisage 
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alcohol oxidation by oxovanadium(V) followed by reoxidation of the resulting vana- 
dium(III) by dioxygen. However, scant attention appears to have been paid to such 
possibilities. The aerobic oxidation of 1-propanol to 1-propanal (94-99% selectivity), 
in the gas phase at 210 °C over a V 2 5 catalyst modified with an alkaline earth metal 
oxide (10 mol%), was described [112] in 1979. However, to our knowledge vanadium- 
catalyzed aerobic oxidation of alcohols have not been further investigated, in the 
liquid or gas phase [113]. 

Co(acac) 3 in combination with N-hydroxyphthalimide (NHPI) as co-catalyst med- 
iates the aerobic oxidation of primary and secondary alcohols, to the corresponding 
carboxylic acids and ketones, respectively, e.g., Eq. (19) [114]. 



\(, Co(acac) 3 I 1 

r i»C^ 0H (0.5 mol%) 



NOH 

(10 mol%) 



75°C, 2 (1 atm), CH 3 CN, 20 h 



(19) 



By analogy with other oxidations mediated by the Co/NHPI catalyst studied by 
Ishii and coworkers [115, 116], Eq. (19) probably involves a free radical mechanism. 
We attribute the promoting effect of NHPI to its ability to efficiently scavenge alkyl- 
peroxy radicals, suppressing the rate of termination by combination of alkylperoxy 
radicals. The resulting PINO radical subsequently abstracts a hydrogen atom from 
the a-C-H bond of the alcohol to propagate the autoxidation chain [Eqs. (20-22)]. 
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Recently a nickel substituted hydrotalcite was reported as a catalyst for the aerobic 
oxidation of benzylic and allylic alcohols [117]. Analogous to cobalt, nickel is ex- 
pected to catalyze oxidation via a free radical mechanism. 

After their leading publication on the osmium-catalyzed dihydroxylation of olefins 
in the presence of dioxygen [118], Beller et al. [119] recently reported that alcohol oxi- 
dations could also be performed using the same conditions [see Eq. (23)]. The reac- 
tions were carried out in a buffered two-phase system with a constant pH of 10.4. 
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Under these conditions a remarkable catalyst productivity (TON up to 16600 for acet- 
ophenone) was observed. The pH value is critical in order to ensure the reoxidation 
of Os VI to Os vm . The scope of this system seems to be limited to benzylic and sec- 
ondary alcohols. 



/ \ 1 mol% K 2 [Os0 2 (OH) 4 ], 3 mol% DABCO 



^^OH 1 



atm 2 , solvent: 2.5:1 H 2 0/tBuOH 




(23) 



A striking example of a heterogeneous and recyclable catalyst for aerobic alcohol 
oxidation is formed by manganese substituted octahedral molecular sieves [120]. In 
this case benzylic and allylic alcohols could be converted within 4 h. However 
50 mol% of catalyst was needed to achieve this. 



4.8 

Catalytic Oxidation of Alcohols with Hydrogen Peroxide 

In the aerobic oxidations discussed in the preceding sections the most effective cata- 
lysts tend to be late transition elements, e. g., Ru and Pd, which operate via oxometal 
or hydridometal mechanisms. In contrast, the most effective catalysts with H 2 2 (or 
R0 2 H) as the oxidant tend to be early transition metal ions with a d° configuration, 
e.g., Mo VI ,W VI and Re vn , which operate via peroxometal pathways. Ruthenium and 
palladium are generally not effective with H 2 2 because they display high catalase 
activity, i.e., they catalyze rapid decomposition of H 2 2 . Early transition elements, 
on the other hand, are generally poor catalysts for H 2 2 decomposition. 

One of the few examples of ruthenium-based systems is the RuCl 3 ■ 3 H 2 0/dide- 
cyldimethylammonium bromide combination reported by Sasson and coworkers 
[121]. This system catalyzes the selective oxidation of a variety of alcohols, at high 
(625:1) substrate xatalyst ratios, in an aqueous /organic biphasic system. However, 
3-6 equiv. of H 2 2 were required, reflecting the propensity of ruthenium for catalyz- 
ing the non-productive decomposition of H 2 2 . 

Jacobsen et al. [122] showed, in 1979, that anionic molybdenum (VI) and tung- 
sten (VI) peroxo complexes are effective oxidants for the stoichiometric oxidation 
of secondary alcohols to the corresponding ketones. Subsequently, Trost and 
Masuyama [123] showed that ammonium molybdate, (NH^MoyO^ • 4 H 2 
(10 mol%), is able to catalyze the selective oxidation of secondary alcohols, to the 
corresponding ketones, using hydrogen peroxide in the presence of tetrabutylam- 
monium chloride and a stoichiometric amount of a base (K 2 C0 3 ). It is worth 
noting that a more hindered alcohol moiety was oxidized more rapidly than a less 
hindered one, e.g., Eq. (24). 
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OH 



(NH 4 ) 6 Mo 7 024.4H 2 
(n-C 4 H g ) 4 NCI 




THF, K 2 C0 3 , 6 days 
30% H 2 2 -sol. 




(24) 



The above mentioned reactions were performed in a single phase using tetrahy- 
drofuran as solvent. Subsequently, the group of Di Furia and Modena reported [124] 
the selective oxidation of alcohols with 70% aq. H 2 2 , using Na 2 Mo0 4 • 2 H 2 or 
Na 2 W0 4 • 2 H 2 as the catalyst and methyltrioctylammonium chloride (Aliquat 336) 
as a phase transfer agent in a biphasic (dichloroethane -water) system. 

More recently, Noyori and coworkers [125, 126] have achieved substantial improve- 
ments in the sodium tungstate-based, biphasic system by employing a phase trans- 
fer agent containing a lipophilic cation and bisulfate as the anion, e.g., CH 3 (n- 
QH 17 ) 3 NHS0 4 . This afforded a highly active catalytic system for the oxidation of al- 
cohols using 1.1 equiv. of 30% aq. H 2 2 in a solvent-free system. For example, 
1-phenylethanol was converted into acetophenone with turnover numbers up to 
180 000. As with all Mo- and W-based systems, the Noyori system shows a marked 
preference for secondary alcohols, e. g., Eq. (25). 




Na 2 W0 4 .2H 2 
[CH 3 (n-C 8 H 17 ) 3 N]HS0 4 

»- 

30% H 2 2 , 90°C, 4 h 




(25) 



Unsaturated alcohols generally undergo selective oxidation of the alcohol moiety 
[Eqs. (26) and (27)] but when an allylic alcohol contained a reactive trisubstituted 
double bond, selective epoxidation of the double bond was observed [Eq. (28)]. 



OH 



^(CH 2 ), 

,(CH 2 ) 8 CH 3 



OH 
OH 



(CH 2 ) 6 CH 3 



^(CH 2 



(100% selectivity) 

(CH 2 ) 8 CH 3 

(80% selectivity) 



(CH 2 ) 6 CH 3 

(100% selectivity) 



(26) 
(27) 

(28) 



Molybdenum- and tungsten-containing heteropolyanions are also effective cata- 
lysts for alcohol oxidations with H 2 2 [127-129]. For example, H 3 PMoi2O 40 or 
H 3 PW 12 O40, in combination with cetylpyridinium chloride as a phase transfer agent, 
were shown by Ishii and coworkers [127] to be effective catalysts for alcohol oxida- 
tions with H 2 2 in a biphasic, chloroform/water system. 
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Methyltrioxorhenium (MTO) also catalyzes the oxidation of alcohols with H 2 2 
via a peroxometal pathway [130, 131]. Primary benzylic and secondary aliphatic alco- 
hols afforded the corresponding aldehydes and ketones, respectively, albeit using 
2 equiv. of H 2 2 . In the presence of bromide ion the rate was increased by a factor 
1 000. In this case the active oxidant may be hypobromite (HOBr), formed by MTO- 
catalyzed oxidation of bromide ion by H 2 2 . 

Vanadium-pillared montmorillonite clay (V-PILC) [132] and a zeolite-encapsulated 
vanadium picolinate complex [133] were shown to catalyze alcohol oxidations with 
30% aq. H 2 2 and an H 2 2 -urea adduct, respectively. However, it seems highly 
likely that the observed catalysis is due to leached vanadium. Indeed, as we have 
noted elsewhere, heterogeneous catalysts based on Mo,W, Cr,V, etc. are highly sus- 
ceptible to leaching by H 2 2 or alkyl hydroperoxides [134]. Hence, in the absence of 
rigorous experimental proof, it is questionable whether the observed catalysis is het- 
erogeneous in nature. In contrast, titanium silicalite (TS-1), an isomorphously sub- 
stituted molecular sieve [135] is a truly heterogeneous catalyst for oxidations with 
30% aq. H 2 2 , including the oxidation of alcohols [136]. 

A dinuclear manganese(IV) complex of trimethyl triazacyclononane (tmtacn) cata- 
lyzed the selective oxidation of reactive benzylic alcohols with hydrogen peroxide in 
acetone [137]. However, a large excess (up to 8 equiv.) of H 2 2 was required, suggest- 
ing that there is substantial non-productive decomposition of the oxidant. Moreover, 
we note that the use of acetone as a solvent for oxidations with H 2 2 is not recom- 
mended owing to the formation of explosion-sensitive peroxides. The exact nature of 
the catalytically active species in this system is rather obscure; for optimum activity 
it was necessary to pre-treat the complex with H 2 2 in acetone. Presumably the ac- 
tive oxidant is a high-valent oxomanganese species but further studies are necessary 
to elucidate the mechanism. 



4.9 

Concluding Remarks 

The economic importance of alcohol oxidations in the fine chemical industry will, in 
the future, continue to stimulate the quest for effective catalysts that utilize dioxygen 
or hydrogen peroxide as the primary oxidant. Although much progress has been 
made in recent years there is still room for further improvement with regard to cata- 
lyst activity and scope in organic synthesis. A better understanding of mechanistic 
details regarding the nature of the active intermediate and the rate-determining step 
would certainly facilitate this since many of these systems are poorly understood. It 
may even lead to the development of efficient methods for the enantioselective oxi- 
dation of chiral alcohols, e.g., the ruthenium-based system recently described by 
Katsuki and coworkers [138] and the palladium-chiral base systems reported by Sig- 
man and Stolz and their coworkers [139, 140]. 
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6 

Ruthenium-catalyzed Oxidation of Alkenes, Alcohols, Amines, 

Amides, 0- Lactams, Phenols, and Hydrocarbons 

Shun-Ichi Murahashi and Naruyoshi Komiya 



6.1 
Introduction 

Ruthenium complexes have great potential for catalytic oxidation reactions of various 
compounds [1-7]. The reactivity of ruthenium complexes can be controlled by its oxi- 
dation state and ligand. The highest valent ruthenium complex is ruthenium (VI II) 
tetroxide (Ru0 4 ), which is known as a strong oxidant and is useful for the cleaving of 
carbon-carbon double bonds. On the other hand, middle-valent oxo-ruthenium 
(Ru=0) species can be generated upon treatment of low-valent ruthenium complexes 
with a variety of oxidants. An important feature of these active species is their high 
capability to oxidize various substrates such as alkenes, alcohols, amines, amides, 
P-lactams, phenols, and unactivated hydrocarbons under mild conditions. Ruthe- 
nium-catalyzed oxidations and their applications to organic synthesis will be pre- 
sented in this chapter. 



6.2 

Ru0 4 -promoted Oxidation 

Ru0 4 has been widely used as a powerful oxidant for oxidative transformation of a 
variety of organic compounds [8], Ru0 4 can be generated on treatment of RuCl 3 or 
Ru0 2 with an oxidant. The oxidation reaction can be carried out conveniently in a bi- 
phasic system (Scheme 6.1) using a catalytic amount of RuCl 3 or Ru0 2 with the 
combined use of an oxidant such as NaI0 4 , HI0 4 , NaOCl, or NaBr0 3 , or under elec- 
trochemical conditions. 



(X) -^ /»■ Ru0 4 




oxidant^ Ru0 2 

(XO) 



aqueous 
phase 



Ru0 4 — ^ /- substrate 
(S) 




Ru0 2 product 

(SO) 
organic 
phase 



Scheme 6.1 
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Problems such as very slow and incomplete reaction have been often encountered 
in the oxidations with Ru0 4 . These sluggish reactions are due to inactivation of 
ruthenium catalysts because of the formation of low-valent ruthenium carboxylate 
complexes. The inactivation can be prevented by addition of CH 3 CN. Thus, various 
oxidations with Ru0 4 are improved considerably by employing a solvent system con- 
sisting of CC1 4 -H 2 0-CH 3 CN [8c]. Typically, oxidative cleavage of (E)-5-decene (1) 
with an RuCl 3 /NaI0 4 system in a CC1 4 -H 2 0-CH 3 CN system gave pentanoic acid in 
88% yield, while the same reaction in a conventional CC1 4 -H 2 system gave penta- 
nal (17%) along with 80% of recovered 1 [Eq. (1)]. 

C4H9 RuCI 3 (cat.) 

^^ ► C 4 H 9 C0 2 H 

C 4 H 9 Nal0 4 (1) 

1 CCI 4 -H 2 0-CH 3 CN 88% 

(2:3:2) 

Primary and secondary alcohols are oxidized to the corresponding carboxylic acids 
and ketones, respectively, [Eqs. (2) and (3)] [9]. Olefins undergo oxidative cleavage to 
afford the carbonyl compounds [Eqs. (4) and (5)] [10], while ds-dihydroxylation oc- 
curs selectively when the reaction is carried out in a short period of time (0.5 min) at 
0"C in EtOAc-CH 3 CN-H 2 [Eq. (6)] [10g]. 

R11CI3 (cat.) ^. ,C0 2 H 

Ph ^ 



Nal0 4 h' V H (2) 

CCI 4 -H 2 0-CH 3 CN 



75% 



HO 



CH 2 OCPh 3 CH 2 OCPh 3 

' OBz Ru0 2 (cat.) n= / OBz 



^ • 0=( <f 

2> Nal0 4 XT_^ (3) 

—<0 PhCH 2 NEt 3 CI N <o 



r. 



97% 



OAc OAc 

AcCL^ Ru0 2 (cat.) AcO. 



X j Nal0 4 ' X C ° 2h W 

' ^O CCI 4 -H 2 ( X5CHO 



OAc OAc 97% 



RuCI 3 (cat.) r^^C0 2 H 

NaOCI *~ '^^C0 2 H (5) 

CCI 4 -H 2 



86% 
.OH 



RuCI 3 (cat.) f^Y* 



Nal0 4 ^^ 0H ( 6 ) 

EtOAc-H 2 0-CH 3 CN ™. 

0.5min,0°C ™'° 

Octavalent Ru0 4 generated from a RuCl 3 /hypochlorite or periodate system is 
usually too reactive, and the C=C bond cleavage is often a major reaction; however, 
the addition of a bipyridine ligand facilitates the epoxidation of alkenes, because it 
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works as an electron-donating ligand to enhance the electron density on the metal 
and to modulate the reactivity of Ru0 4 [11-14]. RuCl 3 associated with bipyridyl [11] 
and phenanthrolines [12], catalyzes the epoxidation of alkenes with sodium periodate 
[Eq. (7)]. The reactions are stereospecific for both cis- and trans-alkenes. The dioxor- 
uthenium(IV) complex {Ru0 2 (bpy)[I0 3 (OH)3]}-1.5H 2 (2) was isolated by the reac- 
tion of Ru0 4 with bipyridyl in the presence of NaI0 4 , and the complex acts as an effi- 
cient epoxidation catalyst under similar conditions [Eq. (7)] [13]. 



Ru cat. 



RuCI 3 -nH 2 (cat.) 



Plr 



L, Nal0 4 
CH 2 CI 2 -H 2 




Ph 



(7) 



90% 



99% 



1,2-Dihaloalkenes are oxidized to a-diketones in a variety of norbornyl derivatives, 
which can serve as highly potent and inextricable templates for strained polycyclic 
unnatural compounds [Eq. (8)] [15]. 




RuCI 3 T7H 2 (cat.) o 

o 



Nal0 4 
CH 3 CN-H 2 
OAc °C 




(8) 



OAc 99% 



Aromatic rings are converted smoothly into carboxylic acids [Eqs. (9) and (10)] 
[16]. Terminal alkynes undergo a similar oxidative cleavage to afford carboxylic acids, 
while internal alkynes are converted into diketones [Eq. (11)] [17]. 




1) RuCI 3 (cat.) 

Nal0 4 
CCI 4 -H 2 0-CH 3 CN 



b 2) CH 2 N 2 
OCOPh 



RuCI 3 (cat.) 

HI0 4 * H0 2 C 

CCI 4 -H 2 0-CH 3 CN 




80% 



(9) 



(10) 



Ci 3 H 2 



-TBDMS 



Ru °2 MO C 13 H 27 

Nal0 4 

CCI 4 -H 2 0-CH 3 CN 



TBDMS 

95% 



(11) 



The oxidation of allenes gives a,a-dihydroxy ketones [Eq. (12)] [18]. Various het- 
eroatom-containing compounds undergo oxidation of methylene groups at the a-po- 
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sition. Ethers are converted into esters and lactones [19]. The efficiency of the a-oxi- 
dation of ethers can be improved by pH control using hypochlorite in biphasic media 
[Eq. (13)] [19 a]. Tertiary amines [20] and amides [21] undergo similar oxygenation re- 
actions at the oc-position of nitrogen to afford the corresponding amides and imides, 
respectively [Eq. (14)]. Carbon-carbon side-chain fragmentation occurs when 
N, C-protected serine and threonine are subjected to oxidation. The method has been 
successfully applied to the N-C bond scission of peptides at serine or threonine resi- 
due [Eq. (15)] [22]. 

,R„ ^,^^ c ° 2Et RuCi 2 (PPh 3 ) 3 (cat.) f .Bu^ H ? H „^ 



(13) 



"■3 

CH 3 EtOAc-H 2 0-CH 3 CN £ 72 „ /o 



RuCI 2 (dppp) 2 (cat.) j? 



C 3 Hf OC 4 H 9 NaOCI C 3 Hf OC 4 H 9 

CH 2 CI 2 -H 2 (pH 9.5) 93 o /o 



Ru0 2 (cat.) 



"N ] Nal0 4 O N ] (14) 

„ I OSiMe 2 -f-Bu CCI 4 -H 2 I OSiMe 2 -f-Bu 

DOC DOC 

90% 

RuCIq (cat.) _ .. .. .... 

Boc-Ala-Ala-Ser-OMe -rn?^ — ~ Boc-Ala-Ala-NH 2 

Nal0 4 7RO/ fl5) 

pH 3 phosphate buffer /B >° K ' 

CCI 4 -H 2 0-CH 3 CN 

Unactivated alkanes can also be oxidized with the RuCl 3 /NaI0 4 system. Tertiary 
carbon-hydrogen bonds undergo chemoselective hydroxylation to afford the corre- 
sponding tertiary alcohols [Eq. (16)] [23]. 



RuCI 3 (cat) 

Nal0 4 " ^ /^~-Y (16) 

CCI 4 -H 2 0-CH 3 CN - 

OH 69% 

Bridgehead carbons of adamantane [24], pinane [25], and fused norbornanes [26] 
undergo selective hydroxylation under similar reaction conditions. Methylene 
groups of cycloalkanes undergo hydroxylation and then subsequent oxidation to af- 
ford the corresponding ketones [27]. In general, methyl groups of alkanes undergo 
no reaction with Ru0 4 , while the methyl group of toluene can be converted into the 
corresponding carboxylic acids [Eq. (17)] [28]. 



CH 3 C0 2 H 

RuCI 3 (cat.) 1 

Bu 4 N + Br" f \ (17) 

NaOCI ^^ 

CICH 2 CH 2 CI-H 2 92% 
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6.3 

Oxidation with Low-valent Ruthenium Catalysts and Oxidants 

6.3.1 

Oxidation of Alkenes 



The treatment of a low-valent ruthenium catalyst with an oxidant generates middle- 
valent Ru=0 species, which often show different reactivity to that of the Ru0 4 oxida- 
tion. The epoxidation of alkenes with metalloporphyrins have been studied as model 
reactions of cytochrome P-450 [29]. Ruthenium porphyrins such as Ru(OEP)(PPh 3 )Br 
(OEP = octaethylporphyrinato) have been examined for the catalytic oxidation of styr- 
ene with PhIO [30]. Hirobe and coworkers [31] and Groves and coworkers [32] reported 
that the ruthenium porphyrin-catalyzed oxidation of alkenes with 2,6-dichloropyridine 
N-oxide gave the corresponding epoxides in high yields [Eqs. (18) and 19)]. The substi- 
tuents at the 2- and 6-positions on pyridine N-oxide are necessary for high efficiency, 
because simple pyridine coordinates to the ruthenium more strongly and retards the 
catalytic activity. Nitrous oxide (N 2 0) can be also used as an oxidant for the epoxidation 
of trisubstituted olefins in the presence of a ruthenium porphyrin catalyst [33]. 



Ru(TMP)(0) 2 (3) (cat.) 

»- 

2,6-dichloropyridine A/-oxide 
C 6 H 6 ,30°C 



100% 



(18) 




Ru(TPFPP)(CO) (4) (cat.) 

2,6-dichloropyridine W-oxide 
CH 2 CI 2 , 65°C 




(19) 



Ru(TMP)(0) 2 (3) F^Y^F Ru(TPFPP)(CO) (4) 

F 

TMP: tetramesitylporphyrinato TPFPP: tetrakis(pentafluorophenyl)porphyrinato 



Non-porphyrin ruthenium complexes such as [RuCl(DPPP) 2 ] (DPPP = l,3-bis(di- 
phenylphosphino)propane) and [Ru(6,6-Cl 2 bpy) 2 (H 2 0) 2 ] catalyze oxidations of alkenes 
with PhIO [34] or t-BuOOH [35] to give the corresponding epoxides in moderate yields. 

The ruthenium-catalyzed aerobic oxidation of alkenes has been explored by several 
groups. Groves and coworkers reported that Ru(TMP)(0) 2 (3) catalyzed aerobic epoxi- 
dation of alkenes proceeds under 1 atm of molecular oxygen without any reducing 
agent [32b]. A Ru-containing polyoxometalate, {[WZnRu 2 (OH)(H 2 0)](ZnW 9 3 4) 2 } n ~ 
[36] and a sterically hindered ruthenium complex, [Ru(dmp) 2 (CH 3 CN) 2 ](PF 6 ) (dmp = 
2,9-dimethyl-l,10-phenanthroline) [37] are also effective for epoxidation with molecu- 
lar oxygen. Knochel and coworkers reported that the ruthenium catalyst bearing per- 
fluorinated 1,3-diketone ligands catalyzes the aerobic epoxidation of alkenes in a per- 
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fluorinated solvent in the presence of i-PrCHO [38]. Asymmetric epoxidations have 
been reported using ruthenium complexes and oxidants such as PhIO, PhI(OAc) 2 , 
2,6-dichloropyridine N-oxide, and molecular oxygen [39-44]. 

It was postulated that one of the possible intermediates for metalloporphyrin pro- 
moted epoxidation is the intermediate 5 (Scheme 6.2) [45]. 



Nu 



~\ 



O H 



M =o +_J™ ^M 



\ Nu 
-MH- )-{ 



Scheme 6.2 



If one could trap the intermediate 5 with an external nucleophile, such as water, a 
new type of catalytic oxidation of alkenes could be performed. Indeed, the transfor- 
mation of alkenes into a-ketols was discovered to proceed highly efficiently. Thus, 
the low-valent ruthenium-catalyzed oxidation of alkenes with peracetic acid in an 
aqueous solution under mild conditions gives the corresponding oc-ketols, which are 
important key structures of various biologically active compounds [Eq. (20)] [46]. 



Ru cat. 

CH3CO3H 
CH2CI2-CH3CN-H2O 



HO- 

R 2 



v 



(20) 



Typically, the RuCl 3 -catalyzed oxidation of 3-acetoxy-l-cyclohexene (6) with perace- 
tic acid in H2O-CH3CN-CH2CI2 (1 : 1:1) gave (2i?*,3S*)-3-acetoxy-2-hydroxycyclohexa- 
none (7) chemo- and stereoselectively in 78% yield [Eq. (21)]. 



OAc 



RuCI 3 v?H 2 (cat.) 

CH3CO3H * 
CH2CI2-CH3CN-H2O 

rt 



OAc 



-OH 



(21) 



The oxidation is highly efficient and quite different from that promoted by Ru0 4 . 
Indeed, the oxidation of 1-methylcyclohexane 8 under the same conditions gives 2- 
hydroxy-2-methylcyclohexanone (9) (67%), while the oxidation of the same substrate 
8 under conditions in which the Ru0 4 is generated catalytically gives 6-oxoheptanoic 
acid (10) (91%) [Eq. (22)]. 



RuCI 3 'nH 2 (cat.) 



.OH 



CH3CO3H 
CH 2 CI 2 -CH 3 CN-H 2 g 

RuCI 3 -nH 2 (cat.) 



(22) 



Nal0 4 
CCI4-CH3CN-H2O 



10 



^C0 2 H 
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This particular oxidation can be applied to the oxidation of substituted alkenes 
having functional groups such as acetoxy, methoxycarbonyl, and azide groups to give 
the corresponding a-ketols in good to excellent yields. The oxidation of 3-azide-l-cy- 
clohexene (11) gave (2S*,3.R*)-3-azide-2-hydroxycyclohexanone (12) chemo- and 
stereoselectively (65%) [Eq. (23)]. 



11 



RuCI 3 'f7H 2 (cat.) 

CH3CO3H " 

CH 2 Cl2-CH 3 CN-H 2 



OH 



(23) 



12 



The efficiency of the present reaction has been demonstrated by the synthesis of 
cortisone acetate 15 [47], which is a valuable anti-inflammatory agent. The oxidation 
of 3p\21-diacetoxy-5a-pregn-17-ene (13) proceeds stereoselectively to give 20-oxo-5a- 
pregnane-3p\17a,21-triol 3,21-diacetate (14) (57%) [Eq. (24)]. Conventional treatment 
of 14 followed by microbial oxidation with Rhizopus nigricans gave 15 [48]. 



AcO' 




OAc 

R11CI3 (cat.) 

CH 3 C03H* 
CH 3 CN- 
CH 2 Cl2-H 2 AcO' 




OAc 



14 




(24) 



OAc 



Cortisone acetate (15) 

Furthermore, the method can be applied to the synthesis of 4-demethoxyadriamy- 
cinone, which is the side-chain of the cancer drugs adriamycins, such as idarubicin 
and annamycin (16). The ruthenium-catalyzed oxidation of allyl acetate 17 gives the 
corresponding a-hydroxyketone 18 in 60% yield [Eq. (25)] [49]. The reaction was also 
applied to the oxidation of a,[5-unsaturated carbonyl compounds 19, and this pro- 
vides a new method for the synthesis of a-oxo-ene-diols 20 [Eq. (26)] [50]. 



o OH 




OAc 



(25) 



OH I 
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RuCI 3 viH 2 (cat.) H0 ^ 



^/ CH3CO3H 

\ CH2CI2-CH3CN-H2O HO 

i-Pr to 20 °C i-Pr 

19 20 55% 



(26) 



6.3.2 

Oxidation of Alcohols 

The ruthenium-catalyzed oxidation of alcohols has been reported using various cata- 
lytic systems which include the RuCl2(PPh 3 ) 3 catalyst with oxidants such as 
N-methylmorpholine N-oxide (NMO) [51], iodosylbenzene [52], TMSOOTMS [53], 
RuCl 3 with hydrogen peroxide [54], K 2 Ru0 4 with peroxodisulfate [55], and the Ru(- 
pybox)(Pydic) complex with diacetoxyiodosylbenzene [56]. The salt of the perruthe- 
nate ion with a quaternary ammonium salt, (n-Pr 4 N)(Ru0 4 ) (TPAP), which is solu- 
ble in a variety of organic solvents, shows far milder oxidizing properties than Ru0 4 
[57]. One of the key features of the TPAP system is its ability to tolerate other poten- 
tially reactive groups. For example, double bonds, polyenes, enones, halides, cyclo- 
propanes, epoxides, and acetals all remain intact during TPAP oxidation [57]. The 
oxidation of primary alcohols with TPAP gives the corresponding aldehydes [Eqs. 
(27) and (28)], whereas Ru0 4 oxidation results in the formation of carboxylic acid. 
NaOCl can be also used as an oxidant for the TPAP-catalyzed oxidation of secondary 
alcohols [58]. 



OH 




OTBDMS 



(n-Pr 4 N)(Ru0 4 ) 
(cat.) , 



TBDMSO 



NMO 
MS4A 

CH2CI2 





TBDMSO 



(27) 



(28) 



The RuCl 2 (PPh 3 ) 3 -catalyzed reaction of secondary alcohols with t-BuOOH gives 
ketones under mild conditions [59, 60]. This oxidation can be applied to the transfor- 
mation of cyanohydrins into acyl cyanides [59], which are excellent acylating re- 
agents. Typically, the oxidation of cyanohydrin 25 with 2 equiv. of t-BuOOH in dry 
benzene at room temperature gives benzoyl cyanide (26) in 92% yield [Eq. (29)]. It is 
worth noting that the acyl cyanides thus obtained are excellent reagents for the che- 
moselective acylation reaction. The reaction of amino alcohols with acyl cyanides se- 
lectively gives N-acylated amino alcohols. Furthermore, primary amines are selec- 
tively acylated in the presence of secondary amines [61]. Utility of the reaction has 
been illustrated by the short-step synthesis of maytenine (27) [Eq. (29)]. A ruthenium 



6.3 Oxidation with Low-vaknt Ruthenium Catalysts and Oxidants 173 

complex [Cn*Ru(CF 3 C0 2 )3(H 2 0)] (Cn* = N,N',N"-trimethyl-l,4,7-triazacyclono- 
nane) catalyst can be used for the oxidation of alcohols with t-BuOOH [62]. 

RuCI 2 (PPh 3 ) 3 
(cat.) 



(29) 




H,N 



CH 2 CI 2 
-HCN 



maytenine (27) 92% 



Various aliphatic and aromatic secondary alcohols can be oxidized with peracetic 
acid in the presence of RuCl 3 catalyst to give the corresponding ketones with high ef- 
ficiency [63]. 

The generation of peracetic acid in situ provides an efficient method for the aero- 
bic oxidation of alcohols. The oxidation of various aliphatic and aromatic alcohols 
can be carried out at room temperature with molecular oxygen (1 atm) in the pre- 
sence of acetaldehyde and a RuCl 3 -Co(OAc) 2 bimetallic catalyst [Eq. (30)] [64]. This 
method is highly convenient, because the products can be readily isolated simply by 
removal of both acetic acid and the catalyst by washing with a small amount of water. 
Under the same reaction conditions, primary alcohols are oxidized smoothly to the 
corresponding carboxylic acids. The present aerobic oxidation can be rationalized by 
assuming the following two sequential pathways: (1) formation of peracid by a co- 
balt-catalyzed radical chain reaction of aldehyde with molecular oxygen and (2) 
ruthenium-catalyzed oxidation of alcohol with the peracetic acid thus formed. 



RuCI 3 -nH 2 
OH Co(OAc) 2 (cat .) 

2 (1 atm) 

CH 3 CHO 

EtOAc 





(30) 
28 ' 89% 



An alternative method for the oxidation of alcohols is dehydrogenative oxidation via 
a hydrogen transfer reaction. Alcohols undergo dehydrogenation in the presence of a 
ruthenium catalyst and hydrogen acceptors such as acetone [Eq. (31)] [65]. By regener- 
ating the hydrogen acceptor in the presence of the co-catalyst and oxygen, the hydrogen 
transfer reaction can be extended to the catalytic aerobic oxidation. Thus, the ruthe- 
nium hydride formed during the hydrogen transfer can be converted into ruthenium 
by a multi-step electron-transfer process including hydroquinone, the metal complex, 
and molecular oxygen (Scheme 6.3). On the basis of this process, aerobic oxidation of 
alcohols to aldehydes and ketones can be performed at ambient pressure of 2 in the 
presence of a ruthenium-cobalt bimetallic catalyst and hydroquinone [66]. Typically, 
cycloheptanol is oxidized to cycloheptanone under an 2 atmosphere with a catalytic 
system consisting of ruthenium complex 29, cobalt complex 30, and a 1,4-benzoqui- 
none [Eq. (32)] [66c]. Using trifluoromethyltoluene as a solvent, the aerobic oxidation 
of a primary alcohol can be performed by a RuCl 2 (PPh 3 ) 3 /hydroquinone system [67]. 
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OH RuH 2 (PPh 3 ) 3 (cat.) 

acetone (hydrogen acceptor) 



toluene 
180 °C, 3h 




(31) 



OH 
R A 2 

o 

R A 2 



Scheme 6.3 
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O 
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1/2 2 



OH 



29 (cat.) 

30 (cat.) 



2,6-dimethoxy-1 ,4-benzoquinone (cat.) 

air 

toluene, 100 °C 



Ru^ H ^Ru Ph 

'\ / -c 

CO oc 
29 



Ph 
OC' 



CO 



30 



(32) 



92% 



The oxidation of secondary alcohols by a RuCl 2 (PPh 3 )3-BzOTEMPO-02 system 
gives the corresponding ketones [Eq. (33)] [68]. The combination of RuCl 2 (PPh 3 ) 3 - 
TEMPO affords an efficient catalytic system for the aerobic oxidation of a broad range 
of primary and secondary alcohols at 100 °C, giving the corresponding aldehydes and 
ketones, respectively, in >99% selectivity in all cases [69]. The reoxidation of the 
ruthenium hydride species with TEMPO was proposed in the latter system [69 c]. 



OH 



RuCI 2 (PPh 3 ) 3 (cat.) 
4-BzOTEMP O 

2 (1 atm) 
PhCH 3 , 70 °C 



(33) 



87% 



Allylic alcohols can be converted into a,[3-unsaturated aldehydes with 1 atm of mo- 
lecular oxygen in the presence of Ru0 2 catalyst [70]. 

TPAP can be used as an effective catalyst for the aerobic oxidation of alcohols to 
give the corresponding carbonyl compounds [Eq. (34)] [71]. A polymer supported per- 
ruthenate (PSP) and a perruthenate immobilized within MCM-41 can be used for 
heterogeneous oxidation of alcohols [72]. 



OH Bu 4 N*Ru0 4 " 
(cat.) 



C9H1 
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A 



(34) 
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Heterogeneous catalysts such as Ru-Al-Mg-hydrotalcites, Ru-Co-Al-hydrotal- 
cites, Ru-hydroxyapatite (RuHAP) [73], and Ru-Al 2 3 [74] are highly efficient cata- 
lysts for aerobic oxidation of alcohols [Eq. (35)]. In these oxidation reactions, the key 
step is postulated as the reaction of Ru-H with 2 to form Ru-OOH, analogous to 
Pd-OOH, which has been shown to operate in the palladium-catalyzed Wacker-type 
asymmetric oxidation reaction [75]. 

? H RuHAP (cat.) 9 

C/His^ 2 (1 atm)" C 7 H 15 -^ (35) 

PhCH 3 96% 

80 °C 

RuHAP is also effective for the oxidation of organosilanes to the corresponding si- 
lanols [73 e]. Catalytic oxidative cleavage of vicinal-diols to aldehydes with dioxygen 
was reported with RuCl 2 (PPh 3 ) 3 on active carbon [76]. Ionic liquids such as tetra- 
methyl ammonium hydroxide and Aliquate® 336 can be used as the solvent for the 
RuCl 2 (PPh 3 ) 3 -catalyzed aerobic oxidation of alcohols [77]. 

Kinetic resolution of secondary alcohols was reported after asymmetric oxidation 
using chiral (nitrosyl)Ru(salen) chloride (31) [Eq. (36)] [78]. 




( 36 ) 




,, air, hv s" 

Prf C 6 H 5 CI, rt Ph Ph' 

35% 65% 

99.5% ee 
fc re , = 20 

6.3.3 

Oxidation of Amines 

Selective oxidative demethylation of tertiary methyl amines is one of the specific and 
important functions of cytochrome P-450. Novel cytochrome P-450 type oxidation 
behavior with tertiary amines has been found in the catalytic systems of low-valent 
ruthenium complexes with peroxides. These systems exhibit specific reactivity toward 
oxidations of nitrogen compounds such as amines and amides, differing from that 
with Ru0 4 . Low-valent ruthenium complex-catalyzed oxidation of tertiary methyla- 
mines with t-BuOOH gives the corresponding a-(tert-butyldioxy)alkylamines effi- 
ciently [Eq. (37)] [79]. The hemiaminal type product has a similar structure to the a-hy- 
droxymethylamine intermediate derived from the oxidation with cytochrome P-450. 



r1 RuCI 2 (PPh 3 )3 r1 

^N-CHa ,L Ca lL,* "iN-CHoOO-f-Bu ( 3 ?) 

R 2 s f-BuOOH R 2 ^ 
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As shown in Scheme 6.4, the catalytic oxidation reactions can be rationalized by 
assuming the formation of oxo-ruthenium species by the reaction of low-valent 
ruthenium complexes with peroxides. a-Hydrogen abstraction from amines and the 
subsequent electron transfer gives the iminium ion ruthenium complex 32. Trapping 
32 with t-BuOOH would afford the corresponding a-tert-butylhydroxyamines, water, 
and low-valent ruthenium complex to complete the catalytic cycle. 



Ru" '- BU00 ^ Ru"-00-f-Bu 



- f-BuOH 



Ru" +2 



R'-C-N 

A r4 



Scheme 6.4 
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The oxidation of N-methylamines provides various useful methods for organic 
synthesis. Selective demethylation of tertiary methylamines can be performed by the 
ruthenium-catalyzed oxidation and subsequent hydrolysis [Eq. (38)] [79]. This is the 
first practical synthetic method for the N-demethylation of tertiary amines. The 
methyl group is removed chemoselectively in the presence of various alkyl groups. 
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Biomimetic construction of piperidine skeletons from N-methylhomoallylamines 
is performed by means of the ruthenium-catalyzed oxidation and a subsequent ole- 
fin-iminium ion cyclization reaction. trans-l-Phenyl-3-propyl-4-chloropiperidine 34 
was obtained from N-methyl-N-(3-heptenyl)aniline stereoselectively via 33 (55%) 
upon treatment with a 2 M HC1 solution [Eq. (39)]. 



RuCI 2 (PPh 3 ) 3 
(cat.) 



CH 2 00-f-Bu 
PhN^ 




C 3 H 7 



(39) 



This cyclization can be rationalized by assuming the formation of iminium ion 35 
by protonation of the oxidation product 33, subsequent elimination of t-BuOOH, nu- 
cleophilic attack of an alkene, giving a carbonium ion, which is trapped by the Cl~ 
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nucleophile from the less hindered side. Similar treatment using CF 3 C0 2 H in place 
of HC1 gave the corresponding hydroxy derivative [Eq. (40)]. 



Ru cat. 



H 3 + 



s - N f-BuOOH 

H 3 C Ph 



OH 



(40) 



~Ph 



a-Methoxylation of tertiary amines can be carried out by treatment with hydrogen 
peroxide in the presence of RuCl 3 catalyst in MeOH [80]. Thus, the oxidation of ter- 
tiary amine 36 gave the corresponding a-methoxyamine 37 in 60% yield [Eq. (41)]. 
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RuCI 3 -nH 2 

H 2 2 *~ 
MeOH, rt 
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37 
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Tertiary amine N-oxides can be prepared from the corresponding tertiary amines 
by RuCl 3 -catalyzed oxidation with molecular oxygen [81]. 

Secondary amines can be converted into the corresponding imines in a single 
step highly efficiently through treatment with 2 equiv. of t-BuOOH in benzene in 
the presence of RuCl 2 (PPh 3 ) 3 catalyst at room temperature [Eq. (42)] [82]. This is 
the first catalytic oxidative transformation of secondary amines to imines. In some 
cases a 4 A molecular sieve is required to prevent the hydrolysis of the imines pro- 
duced. The oxidations of tetrahydroisoquinoline 40 and allylamine 42 gave the cor- 
responding cyclic imine 41 and azadiene 43 in 93% and 69% yields, respectively 
[Eqs. (43) and (44)]. 
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42 



43 



(44) 



CI 
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Aromatization takes place when an excess amount of t-BuOOH is used. For exam- 
ple, tetrahydroquinoline 44 can be converted into quinoline (45) (73 %) [Eq. (45)]. 



44 



RuCI 2 (PPh 3 ) 3 
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f-BuOOH 

C6H6 




(45) 
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It is worth noting that tungstate-catalyzed oxidation of the secondary amine 38 
with hydrogen peroxide gives nitrone 46 [Eq. (46)] [83]. These two catalytic transfor- 
mations of secondary amines [Eqs. (42) and (46)] are particularly useful for the intro- 
duction of a substituent at the a-position of the amines, because either imines or ni- 
trones undergo diastereo and enantioselective reactions with nucleophiles to give 
chiral a-substituted amines highly efficiently [84]. 



~\ 
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Na 2 W0 4 
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H 2 2 



1 O 
,C=N-R 3 

2 + 
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(46) 



The catalytic system consisting of (n-Pr 4 N)(Ru0 4 ) and N-methylmorpholine 
N-oxide (NMO) can also be used for the oxidative transformation of secondary 
amines into imines [Eq. (47)] [85 a, b]. 
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The oxidation of secondary amines to imines can be performed by a hydrogen 
transfer reaction under mild conditions using a catalytic amount of 2,6-dimethoxy 
benzoquinone/Mn0 2 [Eq. (48)] [85 c]. 
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The ruthenium-catalyzed oxidation of diphenylmethylamine with t-BuOOH gave 
benzophenone (88%), which was formed by hydrolysis of the imine intermediate 
[Eq. (49)] [82]. 
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Potassium ruthenate (K 2 Ru0 4 ) was used as a catalyst for the oxidation of benzyla- 
mine with K 2 S 2 Og [86]. James and coworkers reported that aerobic oxidation of pri- 
mary amines can be performed in the presence of a ruthenium porphyrin complex 
Ru(TMP)(0) 2 to give nitriles (100%) [Eq. (50)] [87]. 
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Ru(TMP)(0) 2 



Air, C 6 H 6 50 °C 



Heterogeneous catalysts such as hydroxyapatite-bound Ru complex [88 a] and Ru/ 
A1 2 3 [88 b, c] can also be used for the aerobic oxidation of primary amines to nitriles 
[Eqs. (51) and (52)]. 



m RuHAP (cat.) ->~- - CN 




H<X z 1 ^^ 2 toluene HO^^^ 1 (51) 

90 °C 

(RuHAP = hydroxyapatite-bound Ru) 

QMe OMe 

Ru/Al 2 3 (cat.) I CN 

NH 2 2 (1 atm) " fj (52) 

PhCF 3 , 100 °C ks. J 

^^ 97% 

6.3.4 

Oxidation of Amides and |S-Lactams 

The oxidation of the a-C-H bond of amides is an attractive strategy for the synthesis 
of biologically active nitrogen compounds. Selective oxidation of amides is difficult 
because of low reactivity. The RuCl 2 (PPh 3 ) 3 -catalyzed oxidation of amides with 
t-BuOOH proceeds under mild conditions to give the corresponding a-(tert-butyl- 
dioxy)amides 47 with high efficiency [Eq. (53)] [89]. 

r 2 O R 2 o 

, I II . Ru cat. .I II 

R 1 -C-N-CR 4 ► R 1 -C-N-CR 4 ( r-r\ 

H R3 f " Bu00H ,-Buoi R 3 ( ' 

47 

The ruthenium-catalyzed oxidation of l-(methoxycarbonyl)pyrrolidine with 
t-BuOOH gives 2-(t-butyldioxy)-l-(methoxycarbonyl)pyrrolidine (48) in 60% yield 
[Eq.(54)]. 

RuCI 2 (PPh 3 ) 3 

Y ^^ \^°°-'* (54) 

C0 2 Me C 6 H 6 rt C0 2 Me 

48 

The tert-butyldioxy amides of the isoquinoline 49 and indole 50, which are impor- 
tant synthetic intermediates of natural products, were obtained in excellent yields 
[Eqs. (55) and (56)]. Since the Lewis acid-promoted reactions of these oxidized pro- 
ducts with nucleophiles give the corresponding N-acyl-a-substituted amines effi- 
ciently, the present reactions provide versatile methods for selective carbon-carbon 
bond formation at the a-position of amides [90]. 
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Typically, a TiCl 4 -promoted reaction of oc-t-butyldioxypyrrolidine 48 with a silyl 
enol ether gave the keto amide 51 (81%), while a similar reaction with less reactive 
1,3-diene gave the a-substituted amide 52 [Eq. (57)]. 



OSiMe 3 




48 



TiCL -78 °C 




N 

C0 2 Me~ 
51 81% 



(57) 



Oxidative modification of peptides has been performed by the ruthenium-cata- 
lyzed oxidation with peracetic acid. For example, the reaction of N,C-protected pep- 
tides containing glycine residues with peracetic acid in the presence of RuCl 3 catalyst 
gives a-ketoamides derived from the selective oxidation at the C-a position of the gly- 
cine residue (81%, conversion 70%) [Eq. (58)] [91]. 



Ac-Gly-Ala-OEt 



RuCI 3 (cat.) 



CH 3 C0 3 H 
AcOH 
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(58) 



One of the most challenging topics amongst the oxidations of amides is the cataly- 
tic oxidation of P-lactams. Oxidation of P-lactams requires specific reaction condi- 
tions because of the high strain of the four-membered rings. Direct oxidative acyloxy- 
lation of P-lactams was successfully carried out by the ruthenium-catalyzed oxidation 
with peracetic acid in acetic acid under mild conditions. The products obtained are 
highly versatile and key intermediates in the synthesis of antibiotics. Thus, the 
ruthenium-catalyzed oxidation of 2-azetidinones with peracetic acid in acetic acid in 
the presence of sodium acetate at room temperature gives the corresponding 4-acet- 
oxy-2-azetidinones 53 in 94% yield [Eq. (59)] [89]. One can use RuCl 2 (PPh 3 ) 3 or 
RuCl 3 , but for practical synthesis ruthenium on charcoal can be used conveniently. 
Although peracetic acid is the best oxidant, other oxidants such as m-chloroperben- 
zoic acid, methyl ethyl ketone peroxide, and iodosylbenzene can be used for the acy- 
loxylation of P-lactams. 
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NH CH3CO3H ^-NH (59) 

u AcONa, AcOH ° 53 94% 

it 

Importantly, (rR,3S)-3-[l'-(tert-butyldimethylsilyloxy)ethyl]azetidin-2-one (54) can 
be converted into the corresponding 4-acetoxyazetidinone 55 with extremely high 
diastereoselectivity (94%, >99% de) [Eq. (60)]. The product 55 is a versatile and key 
intermediate for the synthesis of carbapenems of antibiotics. 

OSiMe 2 -f-Bu OSiMe 2 -f-Bu 

*- Ru/C (cat.)_ ^Kj ^OAc 

_ NH CH3CO3H ' J^NH (60) 

Cf AcOH, AcONa O 

54 55 94%, de>99% 

This method was applied to the stereoselective synthesis of 3-amino-4-acetoxyaze- 
tidinones 56 in 85% yield [Eq. (61)] [92]. 

CBz CBz 

caAp «^± cbz^^" 0Ac (61) 
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O AcOH, AcONa O 

56 

Aerobic oxidation of (5-lactams can be performed highly efficiently in the presence 
of acetaldehyde, an acid, and sodium acetate [93]. Typically, the RuCl 3 -catalyzed oxi- 
dation of (3-lactam 54 with molecular oxygen (1 atm) in the presence of acetaldehyde 
and sodium carboxylate gave the corresponding 4-acyloxy P-lactam 55 in 91% yields 
(de >99%) [Eq. (62)]. This aerobic oxidation shows similar reactivity to the ruthe- 
nium-catalyzed oxidation with peracetic acid. 
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6.3.5 

Oxidation of Phenols 

The oxidative transformation of phenols is of importance with respect to the biologi- 
cal and synthetic aspects. However, the oxidation of phenols generally lacks selectiv- 
ity because of coupling reactions caused by phenoxyl radicals [94], and selective oxi- 
dation of phenols is limited to phenols bearing bulky substituents at the 2- and 6-po- 
sitions [95]. Using ruthenium catalysts, a biomimetic and selective oxidation of phe- 
nols can be performed. Thus, the oxidation of p-substituted phenols bearing no sub- 
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stituent at the 2- and 6-positions with t-BuOOH in the presence of RuCl 2 (PPh 3 ) 3 cat- 
alyst gives 4-(tert-butyldioxy)-4-alkylcyclohexadienones selectively [Eq. (63)] [96]. 



RuCI 2 (PPh 3 ) 3 (cat.) 



(-BuOOH 

C6H6 
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57 

a: R = Me 85% 

b: R = i-Pr 86% 

c: R= Ph 91% 



The reaction can be rationalized by assuming that the mechanism is that which 
involves an oxo-ruthenium complex (Scheme 6.5). Hydrogen abstraction with oxo- 
ruthenium species gives the phenoxyl radical 58, which undergoes fast electron 
transfer to the ruthenium to give a cationic intermediate 59. Nucleophilic reaction 
with the second molecule of t-BuOOH gives the product 57. 
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Scheme 6.5 



The 4-(tert-butyldioxy)-4-alkylcyclohexadienones 57 thus obtained are versatile syn- 
thetic intermediates. The TiCl 4 -promoted transformation of 60, obtained from the 
oxidation of 3-methyl-4-isopropylphenol gives 2,6-disubstituted quinone 61, which is 
derived from rearrangement of the i-Pr group (93 %) [Eq. (64)]. 
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Interestingly, sequential migration Diels-Alder reactions of tert-butyldioxy die- 
none 63 in the presence of cis-l,3-pentadiene gave cis-fused octahydroanthraquinone 
64 stereoselectively (73%) [Eq. (65)]. 
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Ruthenium-catalyzed oxygenation of catechols gives muconic acid anhydride (65) 
and 2H-pyran-2-one (66) [Eq. (66)] [97]. 
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Oxidation of aromatic ring bearing methoxy groups was performed using a ruthe- 
nium porphyrin catalyst. The Ru(TPP)(0) 2 -catalyzed (TPP = 5,10,15,20-tetraphenyl- 
porphyrinato) oxidation of polymethoxybenzene with 2,6-dichloropyridine N-oxide 
gives the corresponding p-quinone derivatives [Eq. (67)] [98]. The ls O labeling experi- 
ments showed that the reaction proceeds via selective hydroxylation of the aromatic 
ring by oxo-ruthenium porphyrins to afford phenol derivatives, which undergo the 
subsequent oxidation to give the corresponding quinones. 
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benzene, 30 °C 

6.3.6 

Oxidation of Hydrocarbons 

The catalytic oxidation of unactivated hydrocarbons remains a challenging topic. 
Ruthenium porphyrins, such as Ru(OEP)(PPh 3 ) 3 , show the catalytic activity for the 
oxidation of alkanes with PhIO [30]. The oxidation of alkanes with 2,6-dichloropyri- 
dine N-oxide in the presence of Ru(TMP)(0) 2 (TMP, tetramesitylporphyrinato) (3) 
and HBr [99] and Ru(TPFPP)(CO) [TPFPP, tetrakis(pentafluorophenyl)porphyrinato] 
(4) [32 a] gives the corresponding oxidized compounds. Hydroxylation of adaman- 
tane was achieved with high selectivity and high efficiency (12 300 turnovers) [Eq. 
(68)]. Zeolite-encapsulated perfluorinated ruthenium phthalocyanines catalyze the 
oxidation of cyclohexane with t-BuOOH [100]. The addition of Lewis acids such as 
ZnCl 2 greatly accelerated the reaction rates in the stoichiometiric oxidation of al- 
kanes by BaRu(0) 2 (OH) 3 [101]. A dioxoruthenium complex with a D 4 -chiral por- 
phyrin ligand has been used for the enantioselective hydroxylation of ethylbenzene 
to give a-phenylethyl alcohol with 72% ee [102]. 



(68) 
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Non-porphyrin ruthenium complexes can be used for the catalytic oxidation of al- 
kanes with peroxides. BaRu0 3 (OH) 2 -catalyzed oxidation of cyclohexane with PhIO 
gives oxidation products [101a]. [RuCl(dpp) 2 ] + can be used for the oxidation of alkanes 
with PhIO or LiCIO [34]. The combinations of as-[Ru(dmp) 2 (MeCN) 2 ] 2+ /H 2 2 [37a] 
[Eq. (69)], cis-[Ru(Me 3 tacn)(0) 2 (CF 3 C0 2 )] + /t-BuOOH (Me 3 tacn, N,N',N"-l,4,7-tri- 
methyl-l,4,7-triazacyclononane) [35c], and cis-[Ru(6,6-Cl 2 bpy) 2 (OH 2 ) 2 ] 2+ /t-BuOOH 
[35b] are efficient for the oxidation of cyclohexane. Ruth enium( III) complexes such as 
[RuCl 2 (TPA)] + and [RuCl(Me 2 SO)(TPA)] + bearing the tripodal ligand TPA [TPA = tris(2- 
pyridylm ethyl) amine] were synthesized, and catalytic oxidation of adamantane with m- 
chloroperbenzoic acid was reported [103, 104]. Polyoxometalate [SiRu (H 2 0)W 11 39 ] 5 ~ 
also works as an oxidation catalyst using KHS0 5 [105 a] andH 2 2 [105 b]. 



c/s-[Ru(dmp) 2 (H 2 0) 2 ](PF 6 ) 2 
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The oxidation of hydrocarbons with ruthenium catalysts bearing a simple ligand is 
highly effective. The oxidations of hydrocarbons with peroxides such as t-BuOOH and 
peracetic acid in the presence of ruthenium catalysts such as RuCl 2 (PPh 3 ) 3 [106 a, b] 
or Ru/C [106a, c] actually gave the corresponding ketones and alcohols. For example, 
RuCl 2 (PPh 3 ) 3 -catalyzed oxidation of fluorene with t-BuOOH gives fluorenone in 87% 
yield [Eq. (70)]. The Ru/C-catalyzed oxidation of cyclohexane with peracetic acid in 
ethyl acetate gives cychohexanone and cyclohexanol with 67 % conversion [106 c]. 
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It is expected that more reactive species will be generated in the presence of a 
strong acid. Indeed, the RuCl 3 • nH 2 0-catalyzed oxidation of cyclohexane in tri- 
fluoroacetic acid and dichloromethane (5 : 1) with peracetic acid gives cyclohexyl 
trifluoroacetate in 77% [Eq. (71)] [106a]. 
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The ruthenium-catalyzed oxidation of nitriles takes place at the a-position. For ex- 
ample, the RuCl 3 ■ nH 2 0-catalyzed oxidation of benzylcyanide with t-BuOOH gives 
benzoylcyanide in 94% yield [107]. 
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The allylic position of steroidal alkene can be oxidized with t-BuOOH in the pre- 
sence of a RuCl 3 catalyst [Eq. (72)] [108]. 
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The catalytic oxidation of alkanes with molecular oxygen under mild conditions is 
an especially rewarding goal, since direct functionalization of the unactivated C-H 
bonds of saturated hydrocarbons usually requires drastic conditions such as high 
temperature. 

Oxo-metal species can be generated by the reaction of a low-valent ruthenium 
complex with molecular oxygen in the presence of an aldehyde [93]. Thus, the ruthe- 
nium-catalyzed oxidation of alkanes with molecular oxygen in the presence of acetal- 
dehyde gives alcohols and ketones efficiently [109 a]. Typically, RuCl 3 • nH 2 0-cata- 
lyzed oxidation of cyclooctane with molecular oxygen in the presence of an aldehyde 
gives the corresponding alcohol and ketone selectively [Eq. (73)]. 

o OH 
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CH 2 CI 2 rt 

conv. 8.4% 63% 21% 

These aerobic oxidations can be rationalized by assuming the sequence shown in 
Scheme 6.6. The metal-catalyzed radical chain reaction of an aldehyde with molecu- 
lar oxygen affords the corresponding peracid. The reaction of a metal catalyst with 
the peracid thus formed would give an oxo-metal intermediate, followed by oxygen 
atom transfer to afford the corresponding alcohols. The alcohol is further oxidized to 
the corresponding ketone under these conditions. 

RCHO + 2 M Cat '» RC0 3 H 

M" + RC0 3 H ► M n+2 =0 + RC0 2 H 

M n+2 =0 + RH *- M" + ROH 

Scheme 6.6 



A Ru(TPFPP)(CO) (4) complex has been prepared, and it was found that 4 is an ef- 
ficient catalyst for the aerobic oxidation of alkanes using acetaldehyde [110]. Thus, 
the 4-catalyzed oxidation of cyclohexane with molecular oxygen in the presence of 
acetaldehyde gave cyclohexanone and cyclohexanol in 62% yields, based on acetalde- 
hyde with high turnover numbers of 14 100 [Eq. (74)]. It is worth noting that iron 



186 6 Ruthenium-catalyzed Oxidation of Alkenes, Alcohols, Amines, Amides, ... 

[109] and copper [111] catalysts are also efficient for the oxidation of non-activated hy- 
drocarbons at room temperature under 1 atm of molecular oxygen. 
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54% 8.1% L^xiot 

(based on acetaldehyde) 



(74) 



These oxidation reactions provide a powerful strategy for the synthesis of cyclohex- 
anone by combination of the Wacker oxidation of ethylene with the present metal- 
catalyzed oxidation of cyclohexane (Scheme 6.7). 



2 h 2 c=ch 2 + o 2 



Pd / Cu cat. 



H H 
\ / 

R 1 R' 



+ 2 CH3CHO +2 0; 



cat. 



2 CH3CHO 
O 



'2 c + 2 CH 3 C0 2 H+ H 2 

(r3= H ) R 1 ' "R 2 



H H 
V + 2 H 2 C=CH 2 + 3 0, 
R 1 '^R 2 

Scheme 6.7 



q + 2 CH 3 C0 2 H + H 2 
R 1 ' "R 2 



Very few methods for the direct aerobic oxidation of alkanes have been reported 
using a perfluorinated ruthenium catalyst [Ru 3 0(OCOCF2CF2CF 3 ) 6 (Et 2 0)3] + [37 c] 
and a ruthenium substituted polyoxometalate [WZnRxi^OHJfF^O^ZnWgOs^] 11- 
[Eq. (75)] [112, 113]. 




Na 11 [WZnRu 2 (OH)(H 2 0)(ZnW 9 3 4) 2 ] 
(cat.) ^ 

2 (1 atm) 

1 ,2-dichloroethane, 80 °C, 72 h 




OH 



57% 
TON = 568 



(75) 
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7 

Selective Oxidation of Amines and Sulfides 

Jan-E. Backvall 



7.1 
Introduction 

Heteroatom oxidation is of great importance in organic synthesis, and among such 
reactions oxidations of amines and sulfides are the most common. Amines and sul- 
fides can be oxidized to a number of different products and various reagents have 
been developed for these transformations. This chapter will deal with selective oxida- 
tions of sulfides (thioethers) to sulfoxides and of tertiary amines to N-oxides. 



7.2 

Oxidation of Sulfides to Sulfoxides 

The oxidation of sulfides has been reviewed previously [1-3]. Organosulfur com- 
pounds, such as sulfoxides and sulfones, are useful synthetic reagents in organic 
chemistry. In particular, sulfoxides are important intermediates in the synthesis of 
natural products and biologically significant molecules [4] and they have also been 
employed as ligands in asymmetric catalysis [5] and as oxotransfer reagents [6]. The 
synthesis and utilization of chiral sulfoxides was reviewed recently [5 a]. A large 
number of methods are available for the oxidation of sulfides to sulfoxides and an 
important issue is to obtain high selectivity for sulfoxide over sulfone. Usually there 
is a reasonably good selectivity for the oxidation to sulfoxide, since the sulfide is 
much more nucleophilic than the sulfoxide and hence reacts faster with the electro- 
philic reagent/catalyst. However, there are large variations between the different oxi- 
dation systems. 

In this chapter, oxidations of sulfides to sulfoxides have been divided into three 
sub-sections: (1) stoichiometric reactions, (2) chemocatalytic reactions, and (3) bioca- 
talytic reactions. 
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7.2.1 

Stoichiometric Reactions 

A large number of methods are available in the literature for the oxidation of sulfides 
(thioethers) to sulfoxides by electrophilic reagents. These include the use of peracids 
[7], NaI0 4 , Mn0 2 , Cr0 3 , Se0 2 and iodosobenzene. The use of these reagents up to 
1989 has been reviewed [3]. Also, hydrogen peroxide can be used as a direct oxidant, 
although this reaction is slow in the absence of a catalyst. The use of this oxidant in 
catalytic reactions will be discussed below in Section 7.2.2. 

7.2.1.1 Peracids 

Peracids are commonly used oxidants in the oxidation of sulfides to sulfoxides [7]. 
The reaction proceeds with a good rate at room temperature and gives the sulfoxide 
together with some sulfone. The selectivity for sulfoxide over sulfone is usually suffi- 
cient for synthetic purposes since the oxidation of sulfoxide is considerably slower 
than the sulfide oxidation. 

7.2.1.2 Dioxiranes 

Dioxiranes have been successfully used as oxidants for the selective oxidation of sul- 
fides to sulfoxides [Eq. (1)] [8]. 



These reactions are rapid and the sulfide is efficiently oxidized to sulfoxide as the 
only product with no over-oxidation to sulfone. The oxirane reaction [Eq. (1)] is 
thought to proceed via a direct oxygen transfer from the oxirane to the sulfide. In a 
recent mechanistic study [9] it was found that a hypervalent sulfurane is an inter- 
mediate in the oxidation of sulfides by dioxiranes. This intermediate is in equili- 
brium with the electrophilic zwitterionic intermediate formed as a result of electro- 
philic attack by the peroxide on the sulfide. 

The oxirane oxidation of sulfides has found applications in organic synthesis 
[10, 11]. For example, sulfoxidation of disulfide 1 with dioxirane afforded disulfoxide 
2 in 98% yield [Eq. (2)] [10]. 





(2) 



MCPBA 9% 49% 
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The corresponding sulfoxidation of 1 with MCPBA was unsuccessful and gave 
only 9 % of disulfoxide 2 together with substantial amounts of degraded dicarbonyl 
compound (29%) and monosulfoxide 3 (49%). Other applications of sulfoxidation 
with the use of dioxirane are given in ref [11]. 

7.2.1.3 Oxone and Derivatives 

Oxone, which is commercially available as a 2:1:1 mixture of KHS0 5 , KHS0 4 and 
K 2 S0 4 , has been used for the oxidation of sulfides to sulfoxides [12]. It shows a ten- 
dency for over-oxidation and was originally used for the oxidation of sulfides to sul- 
fones [13]. More recently, some improvements were obtained with surface-mediated 
Oxone oxidations when the Oxone is bound to a silica gel surface [Eq. (3)]. However, 
some sulfone was still formed. 

0X0 , NE O 

on silica ii ^ // 

Bu Bu Bu Bu Bu Bu 1->J 

88% 5% 

In a recent modification to the Oxone type oxidation, the quaternary salt benzyltri- 
phenyl phosphonium peroxymonosulfate PhCH 2 Ph 3 P + HS05 was employed [Eq. 
(4)]. No over-oxidation to sulfone was detected, according to the authors. 



PhCH 2 Ph 3 P + HS0 5 - 



Ph R MeCN, 80 °C Ph R (4) 

R = Me, 91% 

R = n-Bu 92% 

R = Bn 88% 

7.2.1.4 H 2 2 in "Fluorous Phase" 

Oxidation of sulfides to sulfoxides by H 2 2 in hexafluoro-2-propanol has been re- 
ported to occur with an exceptionally high rate and selectivity [14]. Reaction of ethyl 
phenyl sulfide with 2 equiv. of 30% aqueous H 2 2 in hexafluoro-2-propanol at 25 °C 
was complete within 5 min and gave the corresponding sulfoxide in 97% yield. No 
sulfone was formed and in a control experiment the sulfoxide was stirred with 
2 equiv. of 30% H 2 2 for 8 h without any sulfone being formed. The normally slow- 
reacting sulfides diphenyl sulfide (4), 5, and 6, reacted fast and the procedure toler- 
ates double bonds (Table 7.1). This seems to be an excellent method for the efficient 
and highly selective oxidation of sulfides (thioethers) to the corresponding sulfox- 
ides. Sulfides having double bonds also underwent a selective sulfoxidation (e.g., 
7 and 8, entries 4 and 5). 
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Tab. 7.1 Hydrogen peroxide oxidation of sulfides to sulfoxides in a "fluorous phase" 



Entry 



Substrate 



rxn time (minj 



Yield of 
sulfoxide (%) 



Ph „ Ph 
4 



Me' 



W 



10 



20 



99 



93 



97 




15 



99 



94 



7.2.2 

Chemocatalytic Reactions 

In almost all catalytic reactions reported for the oxidation of sulfides to sulfoxides, a 
peroxide compound (usually H 2 2 ) or molecular oxygen is employed. The most 
common oxidant is H 2 2 , usually as a 30% aqueous solution. 

7.2.2.1 H 2 2 as Terminal Oxidant 

A large number of catalysts have been reported in the literature for the H 2 2 oxida- 
tion of sulfides to sulfoxides. These include various metal complexes (of transition 
metals and lanthanides), flavins and benzthiazoles. 

Transition metals as catalysts 

Oxidation of various sulfides to sulfones by H 2 2 mediated by TiCl 3 was reported by 
Oae and coworkers [15]. Quantitative yields of sulfoxide were obtained within 
5-15 min with no over-oxidation to sulfone. However, a 7-fold excess of hydrogen 
peroxide and 2 equiv. of TiCl 3 per mole of substrate were employed. 

Tungsten-based catalytic systems for H 2 2 oxidations of sulfides have attracted 
considerable interest and some early reports include the use of H 2 W0 4 [16]. More re- 
cently, various tungsten-catalyzed methods have been used [17-21], 

The Venturello-type peroxo complex Q 3 {(P0 4 )[W(0)(0 2 ) 2 ] 4 }, with Q = N-(n-C 16 H 33 ) 
pyridinium, was employed as the catalyst for the oxidation of sulfides to sulfoxides 
and sulfones by hydrogen peroxide [17]. The selectivity for sulfoxides was low with 
this catalyst, which gave only sulfone. The corresponding molybdenum complex 
Q 3 {(P0 4 )[M(0)(0 2 ) 2 ] 4 } and Q 3 PMo 12 O 40 as catalyst in the H 2 2 oxidations gave mix- 
tures of sulfoxide and sulfone that ranged from 3 : 1 to 1 : 3 depending on the substrate. 
Finally, Q 3 PW 12 O 40 as the catalyst in the H 2 2 oxidations gave good selectivity [17]. 
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Related peroxo-tungstates and -molybdates (Ph 2 P0 2 )[MO(0 2 ) 2 ] 2 (M = Wor Mo) were 
studied as catalysts for H 2 2 oxidation of sulfoxides. The selectivity for sulfoxide was 
low for these catalysts [18]. 

Polyoxymetalates WZnMn 2 (ZnW 9 3 4)|~ were employed to oxidize sulfides to sulf- 
oxides in moderate selectivity (85-90% selectivity with 10-15% of sulfone) [19]. The 
catalytic effect was strong for the oxidation of aromatic sulfides but weak for the oxi- 
dation of aliphatic sulfides. 

Noyori and coworkers have recently reported on a tungsten-based halogen-free 
system for the oxidation to sulfoxides with 30% aqueous H 2 2 , which gives sulfox- 
ides with good to moderate selectivity [20]. The reactions were run without organic 
solvent and the catalyst employed was Na 2 W0 4 together with PhP0 3 H 2 and CH 3 (n- 
QH 17 ) 3 NHS04. For example, thioanisole gave sulfoxide and sulfone in a ratio of 
94:6 after 9 h at 0°C with the use of a substrate to catalyst ratio of 1000:1. 

Choudary et al. [21] subsequently extended the tungsten system to the use of 
layered double hydroxides (LDHs) with water as the solvent and 30% H 2 2 as the 
oxidant. Under these conditions the new catalysts LDH-WC>4~ gave good turnover 
rates; however the selectivity of the oxidation of thioanisole was moderate with a sul- 
foxide : sulfone ratio of 88 : 12 [Eq. (5)]. Other sulfide oxidations also gave a moderate 
selectivity [Eq. (5)]. 



ldh-wo, 2 - 



Ph' 





Ph' ^R 


Ph' ^R 


R = Me 94 


6 ref 20 


R = Me 88 


12 ref 21 


R = vinyl 71 


29 ref 21 



(5) 



The advantage with the latter system, in spite of the moderate selectivity for sulf- 
oxide over sulfone, is that the immobilized catalyst can be recovered and reused. The 
catalyst showed consistent activity and selectivity for six recyclings. 

The catalytic cycle with the WC>4~ catalysts is thought to involve tungsten peroxy 
complexes (Scheme 7.1). The tungsten peroxy complexes generated react fast with 
the sulfide with transfer of an oxygen to give the sulfoxide. 



H,o 




H 2 2 



Feringa investigated various nitrogen ligands for the selective Mn-catalyzed oxida- 
tion of sulfides to sulfoxides with 30% aqueous H 2 2 [22]. The use of Mn(OAc) 3 • 
2 H 2 with bipyridine ligand 9 in the oxidation of thioanisole gave sulfoxide free from 
sulfone in 55% yield. With ligand 10 (Scheme 7.2) the same yield was obtained and 
now with the sulfoxide in 18% ee. 
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HO 




9 R = H 
10R = Me 

Scheme 7.2 

Titanium-catalyzed oxidations with 35% aqueous H 2 2 using Schiff-base (salen)ti- 
tanium oxo complexes as catalysts showed a very high activity [23]. The oxidation of 
methyl phenyl sulfide required only 0.1 mol% catalyst. The use of chiral salen com- 
plexes gave a low enantioselectivity (<20% ee). 

Vanadium-catalyzed H 2 2 oxidations of sulfides to sulfoxides have been reported 
by several groups. These reactions have been shown to work well for asymmetric 
sulfoxidation. In 1995 Bolm and Bienewald reported on the use of vanadium-chiral 
Schiff base complexes as catalysts for asymmetric sulfoxidation by 30% H 2 2 [24]. 
Oxidation of thioanisole using ligand 11 afforded the corresponding sulfoxide in 
70% ee in high yield without any significant over-oxidation to sulfone [Eq. (6)]. 



Ph Me 



1 mol% VO(acac) 2 

» 

L , H2O2 CH2CI2 



Ph' Me 



L* = 11 94% (70% ee) [24] 
L* = 12 92% (78% ee) [25] 
L* = 13 83% (83% ee) [26] 



(6) 



t-Bu 





13 



Vetter and Berkessel later improved this reaction by changing the ligand to 12, 
which afforded 78% ee [Eq. (6)] [25]. Further improvement of this protocol was re- 
ported by Katsuki and coworkers, who used ligand 13 to obtain 83% ee in the oxida- 
tion of thioanisole to sulfoxide [Eq. (6)]. A further increase in the enantioselectivity 
with ligand 13 was obtained with methanol as an additive (2% methanol in methy- 
lene chloride) [26]. With this protocol ee values up to 93% were obtained for aryl 
methyl sulfides [Eq. (7)]. In all of the reactions, except for Ar = p-N0 2 C 6 H 4 , only 
traces of sulfone were formed. The latter substrate gave 10% sulfone. 



Me 


1 mol% VO(acac) 2 

*- 

3, H2O2 CH2CI2 
with2%'ofMeOH 



11 

Ar Me 








Ar = Ph 


81%(88%ee) 






Ar = p-CIC 6 H 4 


83% (88% ee) 






Ar = 2-naphthyl 


94% 93% ee 
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Ar' 

(7) 



Jackson and coworkers [27] developed immobilized Schiff-base ligands inspired 
by those used by Bolm. A peptide Schiff-base library with ligands 14 bound to a 
solid support was investigated, where two amino acids (AA1 and AA2) and the sal- 
icylaldehyde were varied. A library of 72 ligands was prepared using six different 
salicylaldehydes, six different amino acids as amino acid 1 (AA1) and two different 
amino acids as amino acid 2 (AA2). Screening of these ligands in the VO(acac) 2 - 
catalyzed H 2 2 oxidation of sulfides in CH 2 C1 2 gave only a moderate enantioselec- 
tivity of 11% for thioanisole with the best ligand (R 1 = Ph, R 2 = H). Screening the 
ligands with Ti(O l Pr) 4 as catalyst gave a better result and thioanisole afforded the 
sulfoxide in quantitative yield in 64% ee with ligand 15. The best result with this 
ligand was obtained with 2-naphthyl methyl sulfide, which gave 72% ee in a high 
yield [Eq. (8)]. 



ay 



S 5 mo1% TKO-i-PH* ,^^^w- s -., 

Me ligand 15 ^ fYl Me 

30% H^Oj, CH 3 Clj 



(8) 




X 

1 



87% (72% ee) 



Ph, 



rf^-OH O J*. 




"OH U Ma ^0H 

14 15 

Chiral salen(Mn m ) complexes have been used as catalysts in the oxidation of sul- 
fides to sulfoxides by 30% aqueous H 2 2 in acetonitrile [28]. The use of 2-3 mol% 
of catalyst led to an efficient reaction with enantioselectivities of up to 68% ee. 

Oxidation of sulfides in the presence of electron-rich double bonds is problematic 
with many of the traditional oxidants such as MCPBA, NaI0 4 and Oxone, due to in- 
terference with double bond oxidation (e.g., epoxidation). Koo and coworkers [29] ad- 
dressed this problem and studied the selective oxidation of allylic sulfides having 
electron-rich double bonds. They tested various stoichiometric oxidants and a num- 
ber of catalytic reactions with 30% aqueous H 2 2 as the oxidant. Of all the oxidation 
systems tested for the sulfoxidation, they found that the use of LiNbMo0 6 as the cat- 
alyst with H 2 2 as the oxidant gave the best result. With this system no epoxidation 
took place and a reasonably good selectivity for sulfoxide over sulfone was obtained 
(Table 7.2). 
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Tab. 7.2 Selective oxidation of allylic sulfides with electron-rich double bonds 



R R' 



LiNbMo0 6 y 

*" S 

30% aq. H 2 2 R' "R' 

0°C 



Entry 



Sulfide 



Yield (%) 
Sulfoxide Sulfone 




SPh 



77 


14 


80 


4 


75 


12 


82 


12 


54 


8 



Lanthanides as catalysts 

Catalytic amounts of scandium triflate [Sc(OTf) 3 ] were found to greatly increase the 
rate of oxidation of sulfides by 60% H 2 2 [30] The reaction is run at room tempera- 
ture in methylene chloride containing 10% ethanol. The reaction shows quite a high 
selectivity for sulfoxide with sulfones being formed in only 2-4%. 

Tab. 7.3 Oxidation of sulfides in the presence of catalytic amounts of scandium triflate 





R R' 


cat. Sc(OTf) 3 


u 






60% aq. H 2 2 
CH 2 CI 2 /10%EtOH 
room temp 




Entry 


Substrate 


rxn time (h) 


Yield 
Sulfoxide 


{%) 

Sulfone 


1 


Ph Me 


3 


94 


4 


2 


Ph - S ^^|/ 


2 


98 


2 


3 


p-Br-C 6 H 4 Me 


3 


98 


2 


4 


p-MeO-C 6 H 4 Me 


1.3 


98 


2 



The reaction was applied to the oxidation of various cystein derivatives to their cor- 
responding sulfoxides [Eq. (9)]. 

20 mol% Sc(OTf)3 

Boc-Phe-Cys(Me)Ala-OAII »- Boc-Phe-Cys(0)(Me)Ala-OAII ,q\ 

60% aq. H 2 2 "> 

15min 100% 
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Flavins as catalysts 

Flavins are organic molecules that are part of the FADH 2 cofactor of flavoenzymes 
(Scheme 7.3). In the FAD-containing monooxygenases (FADMO) molecular oxygen 
is activated to generate a flavin hydroperoxide. 



-P-R 
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CH 2 -0-P-0-P-R 







CH 2 -0-P-C 






— OH 0" 0" 
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CH 2 H 
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/^N N 
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Me 


J 
Me 


l^A^H 











H 




FAD 






FADH 2 



Scheme 7.3 The FAD/FAD 2 redox system is a cofactor in flavoenzymes 
(R = adenosine) 



Model compounds of the natural flavins were studied by Bruice in the end of the 
1970s [31]. In these studies N,N,N,-3,5,10-trialkylated flavins 16 and 17 were used. It 
was demonstrated that reactive flavin hydroperoxides can be generated from the re- 
duced form 16 and molecular oxygen or from the oxidized form 17 and H 2 2 
(Scheme 7.4). 




Me 
Me' 



Me 
N^N^ .0 



Me 
Ny N Y° 

N I >< Me 
' O " 

Et i O 



0~ 



xcgr 



18 



H 



N >r Me 

Et O 

17 



Scheme 7.4 



Stoichiometric oxidation reactions with hydroperoxide 18 were studied and it was 
found that 18 oxidizes sulfides to sulfoxides in a highly selective manner [31, 32]. It 
was later demonstrated that these flavins can participate as catalysts in the H 2 2 oxi- 
dation of sulfides to sulfoxides [33, 34]. 
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More recently a modification of the structure of these flavins gave more efficient 
and robust organocatalysts for the H 2 2 -based sulfoxidations [35]. These new flavin 
catalysts 19 (Scheme 7.5) are superior compared with the previous "natural-based" 
flavin catalysts and have the advantage that they also give excellent results for the oxi- 
dation of tertiary amines to amine oxides [36] (see later, Section 7.3.2). 

Ny N Y° 

Et O 
19 

Scheme 7.5 



Various thioethers were oxidized when using flavin 19 as the catalyst (Table 7.4) 
[35]. Only sulfoxide was formed and no over-oxidation to sulfone could be detected. 



Tab. 7.4 Oxidation of thioethers using flavin 19 as the catalyst 

c ~1.5mol%of19 ?, 

r' R' *- ^S. 

30% aq. H 2 2 R R' 

MeOH, room temp 

Entry Substrate Mol% rxn time Yield of 

sulfoxide (%) 



Me' 



Br 



1.8 lh 100 

1.6 2 h 40 min 96 

1.3 23 min 99 



1.6 

MeO ' 



O — Me 



45 min 


92 


20 min 


99 


30 min 


99 



The structure of the flavin was studied and the new structures (N,N,N-1,3,S- 
trialkyl) were compared with those used previously (N,N,N-3,5,10-trialkyl). It was 
found that the new flavins were between one and two orders of magnitude faster 
than the previously used flavins. 

The flavin-catalyzed sulfoxidation was recently extended to allylic and vinylic sul- 
fides. It was found that the oxidation of allylic sulfides having electron-rich double 
bonds proceed with an exceptional selectivity for sulfoxidation (Table 7.5) [37]. Sul- 
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fone formation was depressed below the level of detection (<0.5%) and only in one 
single case could sulfone be observed (1.5% relative yield, for entry 6). No epoxide 
could be detected. 



Tab. 7.5 Flavin catalyzed sulfoxidation of sulfides 

2mol%of 19 



O 



R R' 



30% aq. H 2 2 R R' 

MeOH, room temp 
2.5- 3 h 



Entry 

1 
2 

3 

4 
5 
6 



Sulfide 




SPh 



SPh 



Yield (%) 
Sulfoxide Sulfone" 



92 
76 
77 
87 
96 
85 



n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
1.3 



n.d. = not detected. 



The mechanism of the flavin-catalyzed oxidation of sulfides by hydrogen peroxide 
is shown in Scheme 7.6. 

The reaction is initiated by reaction of catalyst 19 with molecular oxygen to give 
flavin hydroperoxide 20. Once in the cycle this hydroperoxide can be regenerated by 
H 2 2 . The hydroperoxide 20 transfers an oxygen to the sulfide via the hydrogen 
bonded transition state 21, to give sulfoxide and hydroxyflavin intermediate 22. Elim- 
ination of OH~ from 22 produces the aromatic 1,4-diazine 23. The latter species, 
which becomes the catalytic intermediate, reacts with hydrogen peroxide to regener- 
ate the catalytic flavin hydroperoxide. The advantage of the N,N,N-l,3,5-trialkyl flavin 
system over the N,N,N-3,5,10-trialkylated analogues is that the elimination of OH" 
(22 -> 23) is fast due to aromatization. In the N,N,N-3,5,10-trialkylated system this 
step is slow and has been found to be the rate-determining step [33]. 

Chiral flavins have been used to obtain an asymmetric sulfoxidation with H 2 2 as 
the oxidant [34a, 38]. Flavin 24 with planar chirality was used to oxidize various aryl 
methyl sulfides with 35% H 2 2 . The hydrogen peroxide was added slowly over 
5 days at -20 °C to the substrate and the catalyst. The best result was obtained with 
thep-tolyl derivative, which gave 65% ee [Eq. (10)]. 



204 7 Selective Oxidation of Amines and Sulfides 



n Y n y° 

0H@ fV 

°g Et O 
23, 




H I 

Vr° 

Et O 
19 
2 



T I 

n Y n y° 

n4y n - 

t / u 
C\ 

H 
20 



N 

Et<\b 
H 
22 



R^R' 



n Y n y° 

Et / O 



R' 21 



R^R' 



Scheme 7.6 



p-MeC 6 H 4 ^ ~Me 



flavin 24 (cat.) 

H 2 Q 2 

MeOH-H 2 
-20 °C, 5 days 



O 

p-MeC 6 H/ ^ 
65% ee 



(10) 




NL ,N 



CI0 4 



N 

Et O 

24 



Y^(CH 2 ) 8 



More recently, Murahashi has used flavin 25 to oxidize naphthyl methyl sulfide to 
its sulfoxide in 72% ee [Eq. (11)] [38]. 



„ flavin 25 (cat.) ^, 

~Me H 2 2 ^ ^^^^ 

MeOH-H 2 
-20 °C 
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7.2.2.2 Molecular Oxygen as Terminal Oxidant 

Aerobic oxidation of sulfides to sulfoxides by molecular oxygen is of importance 
from an environmental point of view. This transformation can be achieved by non- 
catalyzed direct reaction with molecular oxygen, however, only at high oxygen pres- 
sure and elevated temperatures [39]. More recently, catalytic procedures that work at 
atmospheric pressure of molecular oxygen have been reported [40-44]. Various alkyl 
and aryl thioethers were selectively oxidized to sulfoxides by molecular oxygen in the 
presence of catalytic amounts of nitrogen dioxide (N0 2 ) [40]. The catalytic amount of 
N0 2 employed was between 4 and 36 mol%. Some examples are given in Eq. (12). 
The reaction, which is run at room temperature, is highly selective for sulfoxide over 
sulfone and no sulfone could be detected. 



cat. no 2 " 

D r s - D 2 + K0 2 *- R i- b - R 2 (12) 

R R CH 2 CI 2 25°C R R *■ > 

R 1 = R 2 = n-Bu 93% 

R 1 = Ph, R 2 = Et 97% 

R 1 = Ph, R 2 = CH 2 Ph 97% 

Ishi reported on the aerobic oxidation of sulfides in the presence of N-hydro- 
xyphthalimide (NHPI) and alcohols [41]. The reaction works at the atmospheric pres- 
sure of oxygen; however, it requires 80-90 °C and the selectivity for sulfoxide over 
sulfone is moderate (-85-90%). 

The binary system Fe(N0 3 ) 3 -FeBr 3 was used as an efficient catalytic system for the 
selective aerobic oxidation of sulfides to sulfoxides [42]. The reaction works with air 
at room temperature at ambient pressure and employs 10 mol% of Fe(N0 3 ) 3 as the 
nonahydrate and 5 mol% of FeBr 3 [Eq. (13)]. 



q ,/ r. cat Fe ( N °3)3-FeBr 3 g ( . „ 

Ar^Me + A ° 2 C H 3 CN, 25 °C ' Ar ' ^ Me ( ' 

a " 91-92% 

Ar = p-X-C 6 H 4 (X = H, OMe, Br, CN, N0 2 ) 
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The mechanism of this aerobic oxidation involves the oxidation of bromide to bro- 
mine. The procedure may therefore be limited to sulfides that lack olefinic function- 
ality. 

A method for the mild and efficient aerobic oxidation of sulfides catalyzed by 
HAuCl 4 /AgN0 3 was reported by Hill and coworkers [43]. The active catalyst is 
thought to be Au lu Cl 2 N0 3 (thioether). A very high selectivity for sulfoxide was ob- 
served under these oxidations and no sulfone was detected. Isotope labeling studies 
with H 2 18 shows that water and not 2 is the source of oxygen in the sulfoxide pro- 
duct. 

Recently, Murahashi and coworkers have reported on an interesting flavin-cata- 
lyzed aerobic oxidation of sulfides to sulfoxides (Scheme 7.7) [44]. Flavin hydroperox- 
ides can be generated from reaction of the lowest reduced form of the flavin (16) and 
molecular oxygen. These hydroperoxides (18) have been studied in the stoichio- 
metric oxidation of sulfides to sulfoxides by Bruice [31]. 
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They react rapidly with sulfides with the transfer of an oxygen to give sulfoxides. 
The 4a-hydroxyflavin 26 generated in this process can lose a hydroxide, to give 17. 
The latter flavin, which is the 2-electron-oxidized flavin, is unreactive towards mole- 
cular oxygen compared with 16. On the other hand it can react with a hydrogen per- 
oxide to give 18, but in an aerobic process it is inert. In nature the corresponding mo- 
lecule in the flavoenzyme (FAD-containing monooxygenase) is reduced by NADPH. 
In the process developed by Murahashi, hydrazine (NH 2 NH 2 ) is employed for the re- 
duction of the flavin 17 back to the reduced form 16. In this way a flavin-catalyzed 
aerobic oxidation of sulfides to sulfoxides was obtained [Eq. (14)]. 
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1 mol% 17 



O 



R R 35 °C R R 

1 atm 2 96-99% 

This catalytic system mimics the flavoenzymatic aerobic oxidation and the reac- 
tion is highly selective for sulfoxide without over-oxidation to sulfone. 

7.2.2.3 Alkyl Hydroperoxides as Terminal Oxidant 

Alkyl hydroperoxides are known to oxidize sulfides slowly in a non-catalyzed reaction 
[3, 12 b, 45]. If silica gel is present there is a significant rate acceleration of the reac- 
tion showing that there is a catalytic effect by the silica [12b]. 

Most applications of sulfide oxidations by alkyl hydroperoxides have involved tita- 
nium catalysis together with chiral ligands for enantioselective transformations. The 
groups of Kagan in Orsay [46] and Modena in Padova [47] reported independently on 
the use of chiral titanium complexes for the asymmetric sulfoxidation when using 
'BuOOH as the oxidant. A modification of the Sharpless reagent with the use of 
Ti(0'Pr) 4 and (R,R) -diethyl tartrate [(J?,R)-DET] afforded chiral sulfoxides up to 90% 
ee[Eq.(15)]. 



-s. 



Ti(0'Pr) 4 (R.R)-DET IT 

P-W'Me -BuOOH *" p-tolyl'^Me (15) 

89% ee 

The outcome of the reaction was later improved by replacing 'BuOOH with cu- 
mene hydroperoxide [48]. 

An improved catalytic reaction with the use of 10 mol% of titanium using a ratio 
Ti(0 , Pr) 4 /(R,.R)-DET/ , PrOH = 1 :4:4 in the presence of molecular sieves gave an effi- 
cient sulfoxidation with ee values up to 95% with various aryl methyl sulfoxides [49]. 
The asymmetric Ti-catalyzed sulfoxidations with alkyl hydroperoxides have been re- 
viewed by Kagan [50]. 

The asymmetric titanium-catalyzed sulfoxidations with 'BuOOH also works with 
chiral diols as ligands [51-53]. Various l,2-diaryl-l,2-ethanediols were employed as 
ligands, and the use of 15 mol% of Ti(0'Pr) 4 with l,2-diphenyl-l,2-ethanediol gave 
ee values up to 90% [51b]. Also the use of BINOL and derivatives gave asymmetric 
sulfoxidations [52]. 

The use of (S,S)-l,2-bis-tert-butyl-l,2-ethanediol [(S,S)-27] in the titanium-catalyzed 
oxidation of various aryl methyl sulfides by cumene hydroperoxide afforded sulfox- 
ides in ee values up to 95 % [53]. Interestingly, the authors observed that the ee of the 
sulfoxide increased with the reaction time indicating a kinetic resolution of the sulf- 
oxide product. A control experiment with racemic p-tolyl sulfoxide showed that the 
(.R)-enantiomer is oxidized to sulfone three times faster than the (S)-enantiomer by 
the catalytic system employed. For this reason the yields of the chiral sulfoxides are 
moderate and in the range of 40-50% (Scheme 7.8). 

A similar observation of kinetic resolution of the sulfoxide by over-oxidation to sul- 
fone leading to an amplification of the ee has been previously reported by Uemura [52]. 
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An application of the Kagan-Modena procedure for the synthesis of the enantio- 
merically pure S-enantiomer of omeprazol was reported by Cotton et al. [54]. This 
enantiomer is called esomeprazol (Scheme 7.9) and is the active component of Nex- 
ium®. It is a highly potent gastric acid secretion inhibitor. 
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Esomeprazol (S-form of sulfoxide) 

Scheme 7.9 



It was found that a modification of the original procedure by addition of N,N-diiso- 
propyl ethylamine had a dramatic effect on the enantioselectivity of the reaction. The 
role of the added amine is unclear. A large-scale oxidation of sulfide 28 (6.2 kg) using 
30 mol% of the titanium catalyst in the presence of (S,S)-DETand N,N-diisopropyl 
ethylamine gave 92% of a crude product, which was >94% ee (Scheme 7.10). The 
ratio of sulfoxide to sulfone was 76 : 1. Recrystallization gave 3.83 kg of a product 
that was > 99.5 % ee. It is possible to run the reaction with less catalyst but this gives 
a slightly lower ee. Thus, the use of 4 mol% Ti(0 ! Pr) 4 with Ti/(S,S)-DET/EtN('Pr) 2 = 
1:2:1 gave esomeprazol in 96 % yield that was 91 % ee. The ratio of sulfoxide to sul- 
fone was 35 : 1. 
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7.2.2.4 Other Oxidants in Catalytic Reactions 

Several chemocatalytic systems for sulfoxidation that employ oxidants other than hy- 
drogen peroxide, molecular oxygen or alkyl hydroperoxide have been reported. Man- 
ganese-catalyzed oxidation of sulfides with iodosobenzene (PhIO) using chiral 
Mn(salen) complexes was used to obtain chiral sulfoxides in up to 90% ee [55]. PhIO 
was also employed as the oxidant in sulfoxidations catalyzed by quaternary ammo- 
nium salts [56]. The use of cetyltrimethylammonium bromide (n-C 16 H33Me 3 N + Br~) 
gave the best result and with 5-10 mol% of this catalyst, high yields (90-100%) of 
sulfoxide were obtained from various sulfides. 

A mild and chemoselective oxidation of sulfides to sulfoxides by o-iodooxybenzoic 
acid (IBX) catalyzed by tetraethylammonium bromide (TEAB) was recently reported 
[57]. The reaction is highly selective and no over-oxidation to sulfone was observed. 
Simple aryl alkyl sulfides are oxidized in 93-98% yield in 0.3-2 h at room tempera- 
ture with the use of 5 mol% of TEAB. Diphenyl sulfide and phenyl benzyl sulfide 
took 30 and 36 h, respectively, to go to completion under these conditions. 

7.2.3 

Biocatalytic Reactions 

Various peroxidases and monooxygenases have been used as biocatalysts for the oxi- 
dation of sulfides to sulfoxides [58, 59]. Haloperoxidases have been studied in the oxi- 
dations of sulfides and these reactions work with hydrogen peroxide as the oxidant. 
Baeyer-Villiger monooxygenases, the natural role of which is to oxidize ketones to es- 
ters, are NAD(P)H-dependent flavoproteins that have been used for sulfoxidations. 
Until recently only cyclohexanone monooxygenase (CHMO) had been cloned and 
overexpressed, but new developments have made a number of other Bayer-Villiger 
monooxygenases available. 

7.2.3.1 Haloperoxidases 

Oxidaton of sulfides catalyzed by haloperoxidases has recently been reviewed [58]. 
The natural biological role of haloperoxidases is to catalyze the oxidation of chloride, 
bromide, or iodide by hydrogen peroxide. There are three classes of haloperoxidases 
that have been identified: (1) those without a prosthetic group, found in bacteria, (2) 
heme-containing peroxidases, such as chloroperoxidase (CPO) and (3) vanadium 
containing peroxidases. 

Asymmetric H 2 2 oxidations of aryl methyl sulfides catalyzed by CPO occur in ex- 
cellent enantioselectivity [Eq. (16)] [60, 61]. Electronic and in particular steric factors 
dramatically affect the yield of the reaction. Thus, small aromatic groups gave high 
yields in 99% ee, whereas a slight increase in size led to a dramatic drop in the yield, 
however, still in a high ee (99% ee). 
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CPO o* ,, „ (16) 

Ar ^ Me + H 2 2 Ar ^. Me + H 2 

99% ee (R-form) 
Ar=Ph, ^ _X S. 5~- 100% yield 

s s 

Ar = o-Me-C 6 H 4 3% yield 

Ar = p-Br-C 6 H 4 15% yield 

The analogous oxidations of cyclic sulfides with the same biocatalyst (CPO) were 
studied by Allenmark and coworkers [62]. Only 1-thiaindane gave a synthetically use- 
ful outcome with high yield (99.5%) and high enantioselectivity (99% ee). 

Allenmark and coworkers also studied the asymmetric sulfoxidation catalyzed by 
vanadium-containing bromoperoxidase (VBrPO) from Corallina officinalis [63, 64]. 
The practical use of this reaction is limited since the enzyme only accepts very few 
substrates such as 2,3-dihydrobenzo[b]thiophene, 2-(carboxy)phenyl methyl sulfide 
and 2-(carboxy)vinyl methyl sulfides [58, 63]. 

7.2.3.2 Ketone Monooxygenases 

A number of ketone monooxygenases are available for synthetic transformations to- 
day [65]. Cyclohexanone monooxygenase (CHMO) had already been cloned and over- 
expressed in 1988 and has until recently been the only ketone monooxygenase studied 
extensively. In new developments a number of other monooxygenases such as cyclo- 
pentanone monooxygenase (CPMO), cyclododecanone monooxygenase (CDMO), 
stereoid monooxygenase (SMO), and 4-hydroxyacetophenone monooxygenase 
(HAPMO) have been cloned [65]. Of the ketone monooxygenases known today 
CHMO, CPMO, and HAPMO have been used for sulfoxidation. 

Oxidation of sulfides by molecular oxygen catalyzed by cyclohexanone monooxy- 
genase (CHMO) has been studied by an Italian team [59, 66, 67]. CHMO is a flavin- 
dependent enzyme of about 60 kDa and is active as a monomer. It has found applica- 
tion in Baeyer-Villiger oxidation [65, 68 a] and in the oxidation of sulfides to sulf- 
oxides [69]. The aerobic oxidation with these monooxygenases requires NADPH to 
reduce the oxidized flavin back to the reduced form so that it can react again with 
molecular oxygen. CHMO-catalyzed oxidation of various sulfides by molecular oxy- 
gen in the presence of NADPH afforded sulfoxides in high yields and in most cases 
good to high enantioselectivity. The NADPH was employed in catalytic amounts by 
recycling of NADP by glucose-6-phosphate or L-malate. Results from aerobic oxida- 
tions of some methyl substituted sulfides are given in Eq. (17). 
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Also the corresponding ethyl derivatives £>-FC 6 H 4 SEt and jj-MeC 6 H 4 SEt gave high 
yields in 93 and 89% ee, respectively. On the other hand the p-MeC 6 H 4 SMe behaved 
differently and gave the corresponding sulfoxide in only 37% ee. The CHMO system 
with NADPH and glucose-6-phosphate was subsequently applied to the oxidation of 
various dialkyl sulfides. Thus, methyl sulfides RSMe with R = cyclopentyl, cyclohexyl 
and allyl gave the corresponding sulfoxides in 82-86% yield and in >98% ee [66]. 

Recently, Jansen and coworkers [70] used 4-hydroxyacetophenone monooxygenase 
(HAPMO) for aerobic oxidation of sulfides. Interestingly, both PhSMe and p- 
MeC 6 H 4 SMe gave the corresponding sulfoxides in >99% ee, which should be com- 
pared with the 99 and 37% ee, respectively, obtained with CHMO [66]. The flavoen- 
zyme HAPMO, which was recently cloned [70, 71], is a promising biocatalyst for en- 
antioselective oxidation of sulfides to sulfoxides. 

Recombinants of baker's yeast expressing CHMO from Actinobactersp. NCIP 
9871 have been used as whole cell biocatalysts for the oxidation of sulfides to their 
corresponding sulfoxides [Eq. (18)] [72]. 

Engineered o 

c baker's yeast ", 

R' ~Me *" R' S ~ Me ( 18 ) 

R = Ph 95% (>99% ee) 
R = 'Bu 47% (99% ee) 
R = "Bu 53% (74% ee) 

Some peroxidases are sensitive to an excess of hydrogen peroxide, which may 
complicate synthetic procedures with these enzymes. For example, Coprinus cinerem 
peroxidase (Cip) has been used for the enantioselective oxidation of sulfides to sulf- 
oxides either by continuous slow addition of hydrogen peroxide [73] or by the use of 
an alkyl hydroperoxide [74]. Sulfoxidation with Cip as the catalyst was recently devel- 
oped into an aerobic procedure by combining the peroxidase (Cip) with a glucose oxi- 
dase [75]. The glucose oxidase and molecular oxygen gives a slow production of hy- 
drogen peroxide, which is slow enough to avoid degradation of the enzyme. This is a 
convenient procedure and aryl methyl sulfides, where the aryl group is phenyl, p- 
MeC 6 H 4 or naphthyl, gave good yields (85-91%) in 79, 88, and 90% ee, respectively. 



7.3 

Oxidation of Tertiary Amines to N-Oxides 

Previous reviews have dealt with metal-catalyzed [76] and stoichiometric [77] oxida- 
tion of amines in a broad sense. This section will be limited to the selective oxidation 
of tertiary amines to N-oxides. Amine N-oxides are synthetically useful compounds 
[78, 79] and are frequently used stoichiometric oxidants in osmium- [81-82] manga- 
nese- [83] and ruthenium-catalyzed [84, 85] oxidations, as well as in other organic 
transformations [86-88]. Aliphatic tert-amine N-oxides are useful surfactants [79] 
and are essential components in hair conditioners, shampoos, toothpaste, cosmetics, 
etc. [89]. 
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Because of their importance, various methods have been reported for the oxidation 
of tertiary amines to N-oxides. The oxidations of amines will be divided into the fol- 
lowing sections: (1) stoichiometric reactions, (2) chemocatalytic reactions, and (3) 
biocatalytic reactions. Finally we provide some examples where N-oxides are gener- 
ated in situ as catalytic oxotransfer species in catalytic transformations. 

7.3.1 

Stoichiometric Reactions 

Amine N-oxides can be prepared from amines with 30% aqueous hydrogen peroxide 
in a non-catalytic slow reaction [80, 90]. At elevated temperatures this oxidation pro- 
ceeds at a reasonable rate and has been used in industrial applications. Various other 
oxidants have also been employed for N-oxidation of tertiary amines such as peracids 
[91], 2-sulfonyloxaziridines [92] and ot-azohydroperoxides [93]. 

Messeguer and coworkers reported the use of dioxiranes for the oxidation of 
amines to N-oxides [94]. Oxidation of various tertiary aromatic amines with di- 
methyldioxirane (DMD) afforded amine N-oxides in quantitative yields. A few exam- 
ples are given in Eq. (19). 
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Interestingly, the reaction is chemoselective and oxidation of alkene-amines gave 
the N-oxides selectively without any epoxide formation. One example is given in 
Eq. (20). A number of substituted pyridines were also oxidized to the pyridine N-oxi- 
des by DMD in quantitative yields [94]. 



0-0 
Ph ~^ /\ Ph 



V (2 equiv.) 



ri - ^n^i ( 2o ) 

V-^ 1 CH 2 CI 2 - acetone '" ^^ 

1 h, °C 

Selective oxidation of tertiary amines to N-oxides by HOF-CH 3 CN was reported 
by Rozen and coworkers [95]. The reaction is rapid and amine N-oxides were isolated 
in high yields [Eq. (21)]. The HOF-CH 3 CN complex was also employed to oxidize a 
number of substituted pyridines to their corresponding N-oxides [Eq. (22)]. 
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7.3.2 

Chemocatalytic Oxidations 

Some early work described the vanadium-catalyzed oxidations of tertiary amines to N- 
oxides by tert-butylhydroperoxide, but these reactions require elevated temperature 
[96]. In 1998 a mild flavin-catalyzed oxidation of tertiary amines to N-oxides by 30% 
aqueous H 2 2 was reported [36]. The flavin 19 was employed as the catalyst and the re- 
action occurs at room temperature. With the use of 2.5 mol% of the flavin the reaction 
takes 25-60 min to go to high conversion. The flavin hydroperoxide generated in situ 
(cf. Scheme 7.4) show a very high reactivity towards amines and it was estimated that 
the flavin hydroperoxide reacts >8000 times faster than H 2 2 with the amine in entry 
4 of Table 7.6. The success with N,N,N-l,3,5-trialkylated flavin 19 is that the flavin- 
OH (22, Scheme 7.6) formed after oxo transfer to the amine from flavin-OOH can ea- 
sily lose the OH group and give the aromatized flavin 23, which is the active catalyst. 



Tab. 7.6 Oxidation of tertiary amines according to Eq. (23) 
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Amine 



rxn time for Product 

>85% conversion 



Rate enhancement 
cat. : non-cat.' 



N-Me 
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,Me 

n-C 12 H 25 — N 

Me 


27 min 


NMe 2 
n-C 6 H 13 ^ 


25 min 


i / N^^NMe 2 


50 min 


r^V^NMe2 


31 min 


Et 3 N 


54 min 



/ \+,0 
O l\U 
\ / Me 


61:1 (6344:1) 


?Me 
n-C 12 H 25 -N+ 


49:1 (5096 :1) : 


Me 
Ck + 
NMe 2 


51:1 (5304:1)' 


i^N^^NMe 2 


83:1 (8632 :1) ! 


-^ j^ + 




rf ^y NMe 2 


67:1 (6968 :1) ; 


EUN-o" 


61:1 (2507:1)' 



a Calculated by division of the initial rates of catalyzed and non-catalyzed reactions. Estimated ratio 
of the reactivities of catalytic flavin hydroperoxide and H 2 O z . 
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2.5mol%of19 

R 30% aqueous H 2 2 R + 

R'-N »- R-N-O" (23) 

R"' MeOH, air R "' 



room temp, 0.5-1 h 



H I 

Et O 
19 



>85% yield 



In preparative experiments the N,N,-dimethylamino derivatives 29a and 29b 
[Eq. (24)] were oxidized by H 2 2 at room temperature for 2 h to the corresponding 
N-oxides 30a and 30b in 85 and 82 % yield, respectively, using 1 mol% of flavin 19 [36]. 



Cr 



1 mol%of19 

30% aqueous H 2 2 + , 

R-NMe 2 »- R-NMe 2 (24) 

MeOH, air 

29a R = n-C 12 H 25 room ,em P' 2 h 30a 85% 

b R = PhCH 2 b 82% 

A tungstate-exchanged Mg-Al layered double hydroxide (LDH) was employed to 
catalyze oxidation of aliphatic tertiary amines to N-oxides by 30% aqueous H 2 2 
[97]. The reaction takes 1-3 h at room temperature. The use of dodecylbenzenesulfo- 
nic acid sodium salt as an additive increased the rate of the oxidation by a factor of 
2-3, except for N-methyl morpholine. An advantage of the LDH-WC>4~ catalyst is 
that it can be reused (Table 7.7). 



Tab. 7.7 Oxidation of tert-amines catalyzed by LDH-WO4 
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3 I: 2 mmol of substrate were oxidized by H 2 2 in water with LDH-WO4 as catalyst; II: as in I 
but 6 mg of dodecylbenzenesulfonic acid sodium salt were added. 
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The aerobic flavin system with NH 2 NH 2 as a reducing agent that was employed 
for the sulfoxidation (Section 7.2.2.2) can also be used for the N-oxidation of tertiary 
amines [44]. However, the reaction requires elevated temperature (60 °C), most likely 
because elimination of OH from the flavin-OH (cf 26 -> 17, Scheme 7.7) is difficult 
for the N,N,N-3,5,10-trialkylated flavin at the higher pH caused by the amine. 

/ \ 1 mol% 17 / \ +/ 0~ 

O N-CH 3 + O, + '/zNHjNHj — O N. + N 2 + H 2 (25) 

\ / 60°C,2h \ / CH 3 



1 atm 2 g/0/ 



% 



Me 



Me^^N^V N 'Me 



Et O 
17 

An aerobic oxidation of tertiary amines to N-oxides catalyzed by Cobalt Schiff-base 
complexes was recently reported [98]. The reaction was run at room temperature 
with 0.5 mol% of the cobalt catalyst [Eq. (26)]. The presence of molecular sieves (5 A) 
enhanced the rate of the reaction. With this procedure various pyridines were oxi- 
dized to their corresponding N-oxides in yields ranging from 50 to 85 %. Electron-de- 
ficient pyridines such as 4-cyanopyridine gave a slow reaction with only 50% yield. 

R x 0.5mol%of31 R v + 

R' — N + 1/2 2 *- R'-N-O" (26) 

R"' CICH 2 CH 2 CI R"' v ' 

1 atm 2 , 20 C C, 5-6 h 

(MS 5 A) Ft = Ph; Ft' = R" = Et 92% 

R = Ph; R' = R" = Me 90% 

R = R' = R" = Et 92% 




The same authors also reported on an aerobic oxidation of tertiary amines and 
pyridines to their corresponding N-oxides catalyzed by ruthenium trichloride [99]. 

The oxidation of pyridines to their corresponding N-oxides catalyzed by methyl- 
trioxorhenium (MTO) was reported to occur with various substituted pyridines [100, 
101]. The oxidant employed is either H 2 2 [100] or Me 3 SiOOSiMe 3 [101]. The reaction 
gives high yields with both electron-rich and electron-deficient pyridines [Eq. (27)]. 

0.5 mol% MeRe0 3 
R 30% H 2 2 or R 

% Me 3 SiOOSiMe 3 (f^A 



CH 2 CI 2 room temp ^m+ ^^ 

6" 
80-99% 
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7.3.3 

Biocatalytic Oxidation 

There have only been limited examples reported on the biocatalytic oxidation of ter- 
tiary amines. Colonna et al. used bovine serum albumin (BSA) as a biocatalyst for 
asymmetric oxidation of tertiary amines to N-oxides [102]. Oxone, NaI0 4 , H 2 2 , and 
MCPBA were tested as oxidants and the best results were obtained with NaI0 4 and 
H 2 2 [Eq. (28)]. Thus, BSA-catalyzed N-oxidation of 32 with these oxidants afforded 
N-oxide 33 in high yield in 64-67% ee. The reaction is formally a dynamic kinetic re- 
solution since the enantiomers of the starting material are in rapid equilibrium. 



BSA 

"-C 5 H 12 ' N r M e nviHant ,7-C 5 H 12 - N ;'Me (28) 

Bn 
32 



>- 

oxidant 
72 h, room temp 


f7-C 5 H 12 ' N y Me 
Bn 
33 




H 2 2 100%(67%ee) 




Nal0 4 87% (64% ee) 



Recently, Colonna and coworkers reported that cyclohexanone monooxygenase 
(CHMO) from Actinobacter calcoaceticus NCIMB9871 catalyzed the aerobic oxidation 
of amines [103]. 

7.3.4 

Applications of Amine N-oxidation in Coupled Catalytic Processes 

In 1976 N-methyl morpholine N-oxide (NMO) was introduced by VanRheenen et al. 
as a stoichiometric oxidant in osmium-catalyzed dihydroxylation of alkenes (the Up- 
john procedure) [104]. This made it possible to use osmium tetroxide in only catalytic 
amounts. However, more environmentally friendly oxidants were sought and one 
idea was to recycle the amine to N-oxide in situ either by hydrogen peroxide or mole- 
cular oxygen. In this way it would be possible to use the NMO or even better the 
N-methyl morpholine (NMM) in only catalytic amounts. In 1999 a biomimetic dihy- 
droxylation of alkenes based on this principle was reported in which the tertiary 
amine (NMM) in catalytic amounts is continuously reoxidized to N-oxide (NMO) by 
a cat. flavin/H 2 2 system [Eq. (29), Scheme 7.11] [105]. The coupled electron transfer 
resembles oxidation processes occurring in biological systems. Os0 4 , NMM, and fla- 
vin 19 are used in catalytic amounts and this leads to an efficient H 2 2 -based dihy- 
droxylation of alkenes in high yields at room temperature. 



H?0, 



cat. Os0 4 
cat. NMM 
cat. flavin 19 

• 

room temp 



H ° M 0H (29) 

R R' 



In the presence of chiral ligand (DHQD) 2 PHAL, high enantioselectivity was ob- 
tained in the dihydroxylation with hydrogen peroxide (Scheme 7.12) [106]. 
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HO OH 

/ \ 

R R' 

Scheme 7.11 



Os0 4 



OsO, 




flavinooH 



flavin 




H-,0, 



Ph^ Ph 
94%, 91%ee 



Me 



Ph ^ Ph ^ Ph^ Me 

80%, 95%ee 88%, 99%ee 67%, 96%ee 



a 



Ph 



50%, 92%ee 




Scheme 7.12 Biomimetic dihydroxylation of alkenes to diols using the 
biomimetic system of Scheme 7.11 with chiral ligand (DHQD) 2 PHAL 



In a model study it was demonstrated that the catalytic system also works with 
MCPBA as the oxidant in place of cat. fiavine/H 2 2 [107]. 

It was later found that the chiral amine can be used as the tertiary amine generat- 
ing the N-oxide required for reoxidation of Os VI . Thus, a simplified procedure for 
osmium-catalyzed asymmetric dihydroxylation of alkenes by H 2 2 was developed in 
which the tertiary amine NMM is omitted [108]. A robust version of this reaction, 
where the flavin 19 has been replaced by MeRe0 3 (MTO), was recently reported [109]. 
The chiral ligand has a dual role in these reactions: it acts as a chiral inductor as well 
as an oxotransfer mediator (Scheme 7.13). The amine oxide of the chiral amine 
ligand was isolated and characterized by high resolution mass spectrometry [109]. 

An efficient osmium-catalyzed dihydroxylation of alkenes by H 2 2 with NMM 
and MTO as electron transfer mediators under acidic conditions was recently re- 
ported [110]. Under these conditions alkenes, which are normally difficult to dihy- 
droxylate, gave high yields of diol [Eq. (30)]. The N-oxide NMO is generated from 
NMM by cat. MTO/H 2 2 in analogy with Schemes 7.11 and 7.13. 



R"-^ 



OH 

r\- r " 

OH 
Scheme 7.13 




ObOjL* ^-OsO^iL'-N^ade). 



0jO 3 L- 




HA 



HjO 
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R^/ h 



H 2 2 



0.5 mol% Os0 4 
1 mol% MTO 

20 mol% NMM 

»- 

citric acid (5 mol%) 
( BuOH:H 2 

R = 
R = 
R = 
R = 



OH 



OH 

H, R' = CH 2 S0 2 Ph 
Me, R' = C0 2 Et 
C0 2 Et, R' = C0 2 Et 
Ph, R' = C0 2 Et 



(28) 



93% 
90% 
85% 
84% 



The coupled catalytic system of Scheme 7.11 was recently immobilized in an ionic 
liquid [bmim]PF 6 [111]- After completion of the reaction the product diol is extracted 
from the ionic liquid and the osmium, NMO and flavin stays in the ionic liquid. The 
immobilized catalytic system was reused five times without any loss of activity. 

Choudary et al. [112] have also used the principle of in situ generation of N-oxide 
in catalytic amounts in osmium-catalyzed dihydroxylation. They used LDH-WOj" as 
the catalyst for H 2 2 reoxidation of the amine to N-oxide. 



7.4 

Concluding Remarks 

The selective oxidation of sulfides and amines to sulfoxide and amine oxides can be 
obtained with a variety of oxidants. In particular, catalytic oxidations employing en- 
vironmentally benign oxidants such as hydrogen peroxide and molecular oxygen 
have attracted considerable interest recently. A number of catalytic methods that give 
highly selective and mildly selective oxidations with the latter oxidants are known to- 
day. Organocatalysts (e.g., flavins), biocatalysts and metal catalysts have been used 
for these transformations. 
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Liquid Phase Oxidation Reactions Catalyzed by Polyoxometalates 

Ronny Neumann 



8.1 
Introduction 

Environmentally benign and sustainable transformations in organic chemistry are 
now considered to be basic goals and requirements in the development of modern 
organic syntheses. In order to meet these aims, reactions should be free of danger- 
ous waste, have high atom economy and use solvents that are as environmentally 
friendly as possible. These requirements for the preparation of organic compounds, 
as dictated by society, has led to the introduction of mainly homogeneous liquid 
phase catalysis into the arena of organic chemistry. Therefore, it is not surprising 
that in the area of oxidative transformations one major goal is the replacement of 
stoichiometric procedures, using classical toxic waste-producing oxidants, with cata- 
lytic procedures using environmentally benign oxidant. Oxidants whose use is being 
contemplated include molecular oxygen, hydrogen peroxide, nitrous oxide and sev- 
eral others where there is either no byproduct, the byproduct is environmentally be- 
nign, for example, water or nitrogen, or the byproduct can be easily recovered and re- 
cycled. For synthetic utility, where high conversion and selectivity are desirable, these 
oxidants will require activation by appropriate, usually metal-based catalysts. Further- 
more, it would be preferable, if possible, to carry out these reactions in aqueous 
media or organic media with a low environmental load. 

As always in research involving catalysis, attention must also be paid to the vital is- 
sue of catalyst integrity, recovery and recycling. In order to succeed in carrying out 
the required and necessary catalytic reactions, new catalysts must obviously be devel- 
oped. Beyond the description of the practical utility of the new catalysts, significant 
in-roads into the mechanism of oxidant and substrate activation is key to the under- 
standing of catalytic activity and selectivity. Such an understanding will extend our 
possibilities of finding yet better catalysts. 

Therefore, in this chapter we will survey in detail, with some emphasis on our 
own research, the study and use of an interesting class of oxidation catalysts, polyox- 
ometalates, and describe their utility for oxidative transformations. Emphasis will be 
put on both mechanistic and synthetic aspects of their use, together with a discus- 
sion of catalytic systems designed to aid in catalyst recovery and recycling. After a 
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short introduction to polyoxometalates, their structure and general properties, the 
major parts of this chapter will deal with three different types of oxidants: (1) mono- 
oxygen donors, (2) peroxides and (3) molecular oxygen. Finally, various systems for 
catalyst "engineering" designed to aid in catalyst recovery and recycling will be dis- 
cussed. 



8.2 

Polyoxometalates (POMs) 

Research applications of polyoxometalates have over the past two decades become 
very apparent and important, as reflected by the recent publication of a special vo- 
lume of Chemical Reviews [1] devoted to these compounds. The diversity of research 
in the polyoxometalate area is significant and includes their application in many 
fields, including structural chemistry, analytical chemistry, surface chemistry, medi- 
cine, electrochemistry and photochemistry. However, the most extensive research on 
the application of polyoxometalates appears to have been in the area of catalysis, 
where their use as Bronsted acid catalysts and oxidation catalysts has been active 
since the late 1970s. Research published over the past decade or two has firmly estab- 
lished the significant potential of polyoxometalates as homogeneous oxidation cata- 
lysts. Through development of novel ideas and concepts, polyoxometalates have 
been shown to have significant diversity of activity and mechanism that in the future 
may lead to important practical applications. In recent years, a number of excellent 
and general reviews on the subject of catalysis by polyoxometalates have already 
been published [2] and while some repetition is inevitable we will attempt to keep 
the redundancy in the present chapter to a minimum. 

A basic premise behind the use of polyoxometalates in oxidation chemistry is the 
fact that polyoxometalates are oxidatively stable. In fact as a class of compounds they 
are thermally stable generally to at least 350-450 °C in the presence of molecular 
oxygen. This, a priori, leads to the conclusion that for practical purposes polyoxome- 
talates would have distinct advantages over the widely investigated organometallic 
compounds, which are vulnerable to decomposition due to oxidation of the ligand 
bound to the metal center. Polyoxometalates, previously also called heteropolyanions, 
are oligooxide clusters of discrete structure with a general formula [X x M m O Y ] q ~ 
(x < m) where X is defined as the heteroatom and M are the addenda atoms. The ad- 
denda atoms are usually either molybdenum or tungsten in their highest oxidation 
state, 6 + , while the heteroatom can be any number of elements, both transition me- 
tals and main group elements; phosphorous and silicon are the most common het- 
eroatoms. A most basic polyoxometalate, [XM 12 O 40 ] q ~ where (X = P, Si, etc; M = W, 
Mo), is that of a Keggin structure, Figure 8.1(a). Such Keggin type polyoxometalates, 
commonly available in their protic form, are significant for catalysis only as Bronsted 
acid catalysts. 

However, since polyoxometalate synthesis is normally carried out in water, by mix- 
ing the stoichiometrically required amounts of monomeric metal salts and adjusting 
the pH to a specific acidic value, many other structure types are accessible by varia- 
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Figure 8.1 
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tion of the reaction stoichiometry, replacement of one or more addenda atoms with 
other transition or main group metals, and pH control. Oxygen atoms may also be 
partially substituted by fluorine, nitrogen or sulfur. In the discussion below, addi- 
tional polyoxometalate structures used in catalytic applications will be described, but 
already at this juncture it is important to note that there are important polyoxometa- 
late structure-oxidation reactivity and selectivity relationships, which represent a sig- 
nificant attraction for the use of polyoxometalates as oxidation catalysts. As may be 
noted from the general formula of polyoxometalates, they are also polyanionic spe- 
cies. This property enables fine control of polyoxometalate solubility by simple varia- 
tion of the cation. A summary of this solution chemistry of polyoxometalates is given 
in Figure 8.2. 
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Figure 8.2 Solubility of polyoxometalates as a function of the counter 
cation 



226 8 Liquid Phase Oxidation Reactions Catalyzed by Polyoxometalates 

8.3 

Oxidation with Mono-oxygen Donors 

One class of polyoxometalate compounds is that where transition or main group me- 
tals, often in a lower oxidation state, substitute for a tungsten- or molybdenum-oxo 
group at the polyoxometalate surface. The substituting metal center is thus penta- 
coordinated by the "parent" polyoxometalate. The octahedral coordination sphere is 
completed by an additional sixth labile ligand, L (usually L = H 2 0). This lability of 
the sixth ligand allows the interaction of the substituting transition metal atom with 
a reaction substrate and/or oxidant leading to reaction at the transition metal center. 
In analogy with organometallic chemistry the "pentadentate" polyoxometalate acts 
as an inorganic ligand. This analogy, in earlier years led to such transition metal-sub- 
stituted polyoxometalates being termed "inorganic metalloporphyrins". Many struc- 
tural variants of such transition metal-substituted polyoxometalates are known. For 
example, some of those used in catalytic applications are: (a) the transition metal- 
substituted "Keggin" type compounds, [XTM(L)M 11 39 ]' J ~ (X = P, Si; TM = Co II,m , 
Zn 11 , Mn°' m , Fe II,m , Cu UI , Ni 11 , Ru m , etc.; M = Mo,W), Figure 8.3(a); (b) the so- 
called "sandwich" type polyoxometalates, {[(WZnTM 2 (H 2 0) 2 ][(ZnW g 3 4) 2 ]} 9 ~, Fig- 
ure 8.3(b), having a ring of transition metals between two truncated Keggin "inor- 
ganic ligands"; and (c) the polyfluorooxometalates, Figure 8.3(c), of a quasi Wells- 
Dawson structure. In particular, these last two compound classes often have superior 
catalytic activity and stability. 

One of the first uses of transition metal-substituted polyoxometalates (TMSPs) was 
in the context of a comparison of the catalytic activity of such TMSPs with their me- 
talloporphyrin counterparts. Thus, it seemed natural at the time to evaluate the activ- 
ity of such TMSPs with iodosobenzene and pentafluoroiodosobenzene as oxidant [3]. 
In particular the manganese(II/III)-substituted Keggin, [PMn(H 2 0)W 1 i0 3 9] 5_ [see 
Figure 8.3(a)] and Wells-Dawson [a-P 2 Mn(H 2 0)Wi70 6 i] 7 ~ polyoxometalates showed 
good activity and very high selectivity for the epoxidation of alkenes, and some activ- 
ity for the hydroxylation of alkanes that usually compared favorably with the activity 
of the manganese(III) tetra-2,6-dichlorophenyporphyrin. The stereoselectivities and 
regioselectivities observed in epoxidation of probe substrates such as limonene, cis- 
stilbene, naphthalene and others, lead to the hypothesis, yet to be proven, that a reac- 
tive manganese(V) oxo intermediate was the catalytically active species. More re- 
cently a comparison was made between Wells-Dawson type polyoxometalates incor- 
porating a metal center, e.g., [a-P 2 Mn(H 2 0)W 17 61 ] 7 ~, and a polyoxometalate sup- 
porting a manganese center, [Mn II (CH 3 CN) x /(P 2 W 1 5Nb 3 62 ) 9 ~] and it was found that 
the incorporating analogue was about twice as active [4]. Other manganese non-poly- 
oxometalate supporting compounds showed very significantly reduced activity. 

High valent chromium(V) oxo species, [XCr v = OWnOj,] 19 ""'" (X = P v , Sil v ), 
which were thought to serve as analogues of the proposed manganese intermedi- 
ate, were prepared and evaluated as stoichiometric oxidants for alkene epoxidation 
[5]. Unfortunately, the selectivity to the epoxide product was relatively low, usually 
at best only -10%, indicating that the chromium-oxo species reacted via a pathway 
different to that proposed for the manganese compound. Through the use of a dif- 
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ferent mono-oxygen donor, ]j-cyano-N,N-dimethylaniline-N-oxide and other N-oxi- 
des, it was later observed that the family of tetrametal substituted "sandwich" poly- 
oxometalates, [M 4 (H 2 O)2P2W 1 8O68] 10 ~, catalyzed epoxidation of alkenes [6]. Surpris- 
ingly, the cobalt substituted polyoxometalate was much more reactive than the cor- 
responding manganese, iron or nickel analogues, however the [PCo(H 2 0)Wn039] 5 ~ 
polyoxometalate was as reactive as [Co4(H 2 O)2P2WigO 6 g] 10 ~. It was concluded, 
mainly from kinetic studies, that the active catalytic intermediate was a relatively 
rarely observed Co IV = O species. This conclusion, if correct, also leaves the identity 
of the active species in the manganese/iodosobenzene systems an open question 
since the manganese-substituted compounds are inferior catalysts with N-oxides by 
two orders of magnitude. 

The initial observation, discussed above, that transition metal-substituted polyoxo- 
metalates could be used to catalyze oxygen transfer from iodosobenzene to organic 
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substrates, raised the possibility of activation of other mono-oxygen donors. This con- 
ceptual advance was then coupled with the ability to incorporate noble metals into the 
polyoxometalate framework to utilize periodate as an oxidant. The [Ru m (H 2 0) 
SiWuC^c,] 5- [see Figure 8.3(a)] compound catalyzed the oxidation of alkenes and al- 
kanes using various oxygen donors [7]. In particular, sodium periodate proved to be a 
mild and selective oxidant enabling the oxidative cleavage of carbon-carbon double 
bonds in styrene derivatives to yield the corresponding benzaldehyde products in 
practically quantitative yields. A further kinetic and spectroscopic investigation led to 
the proposal of a reaction mechanism that included the formation of a metallocycloox- 
etane intermediate, which is transformed into a Ru v cyclic diester in the rate deter- 
mining step, requiring water. The diester is then rearranged via carbon-carbon bond 
cleavage to form the benzaldehyde product [8]. The periodate-[Ru lu (H 2 0)SiWn039] 5 ~ 
system was also nicely adapted in an electrochemical two phase system where iodate, 
formed from spent periodate, is reoxidized at a lead oxide electrode [9]. Highly selec- 
tive and efficient synthesis of aldehydes by carbon-carbon bond cleavage was possible. 
These ruthenium-substituted Keggin compounds were also used for the oxidation of 
alkanes to alcohols and ketones using sodium hypochlorite [10], and the oxidation of 
alcohols and aldehydes to carboxylic acids with potassium chlorate as oxidant [11]. 
The stability of Keggin type compounds to basic sodium hypochlorite conditions is, 
however, suspect and research should be carried out to validate the catalyst integrity 
under such conditions. 

Ozone is a highly electrophilic oxidant that is attractive as an environmentally be- 
nign oxidant (33% active oxygen, 2 byproduct). Although its reactivity with nucleo- 
philic substrates such as alkenes is well known to be very high, non-catalytic reac- 
tions at saturated carbon-hydrogen bonds are of limited synthetic value. The cataly- 
tic activation of ozone in aqueous solution was shown to be possible with the manga- 
nese-substituted polyoxometalate, {[WZnMn n 2 (H 2 0) 2 ][(ZnW 9 C>34) 2 ]} 12 ~[12]. Good 
conversions of alkanes into ketones, e.g., cyclohexane to cyclohexanone, were ob- 
served at 2 °C within 45 min. Low temperature, in situ observation of an emerald 
green intermediate by UV-VIS and EPR led to the suggestion that a high valent man- 
ganese ozonide was the catalytically active species. The manganese ozonide complex 
was formulated as POM-Mn IV -0-0-0 , although other canonical or tautomeric 
forms may be envisaged, e.g., POM-Mn IU -0-0-0 + or POM-Mn v -0-0-0~. In the 
absence of a substrate the ozonide intermediate very quickly decays by reduction or 
disproportionation to a brown manganese(IV) oxo or hydroxy species. In the pre- 
sence of alkanes, reactivity was observed that is typical of radical intermediates, while 
with alkenes stereoselective epoxidation was noted. The possible reaction pathways 
are compiled in Scheme 8.1. 

Nitrous oxide is also potentially attractive as an environmentally benign oxidant 
(36% active oxygen, N 2 byproduct) but it is usually considered to be an inert [13] and 
poor ligand towards transition metals [14]. In practice, there are only a few catalytic 
systems that have been shown to be efficient for the activation of N 2 for selective 
hydrocarbon oxidation. Notable among them are the iron containing acidic zeolites 
[15], which at elevated temperatures are thought to yield surface activated iron-oxo 
species (a-oxygen) [16], capable of transferring an oxygen atom to inert hydrocarbons 
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Scheme 8.1 Activation of ozone and proposed catalytic pathways 
in the presence of {[WZnMn" 2 (H 2 0) 2 ][(ZnW 9 3 4) 2 ]} 12 - 



such as benzene [17]. Iron oxide on basic silica has been shown to catalyze, albeit 
non-selectively, propene epoxidation [18]. Also, stoichiometric oxygen transfer from 
nitrous oxide to a ruthenium porphyrin [19] yielded a high valent ruthenium-dioxo 
species capable of oxygen transfer to nucleophiles such as alkenes and sulfides. Un- 
der more extreme conditions (140 °C, 10 atm N 2 0), the ruthenium porphyrin has re- 
cently been shown to catalyze oxygen transfer to trisubstituted alkenes [20], and the 
oxidation of alcohols to ketones [21]. We have just shown that a manganese-substi- 
tuted polyoxometalate of the "sandwich" structure, 8 Q 10 [Mn nl 2ZnW(ZnW9O34) 2 ] 
[see Figure 8.3(b), 8 Q = (C 8 H 17 )3CH 3 N + ], is capable of selectively (>99.9%) catalyz- 
ing the epoxidation of alkenes, Scheme 8.2 [22]. It appears that there is only little cor- 
relation between the catalytic activity and the nucleophilicity of the alkene. In addi- 
tion, reactions were stereoselective. 
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Scheme 8.2 Results for epoxidation of alkenes with N 2 
catalyzed by Q 10 [Mn m 2 ZnW(ZnW9O34) 2 ] 
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Also the vanadium substituted polyoxomolybdate, 4 Q 5 [PV2Mo 10 04o], [see Figure 
1(b), 4 Q = (C 4 Hg) 4 N + ], was catalytically active and highly selective in the oxidation of 
primary and secondary alcohols with nitrous oxide, to yield aldehydes and ketones, 
respectively, Scheme 8.3 [23]. In addition the same catalyst under similar conditions 
catalyzed the oxidation of alkylarenes, Scheme 8.3. In the oxidation of alkylarenes 
with hydrogen atoms at (3-positions, the substrate is dehydrogenated, e.g., cumene 
to a-methylstyrene, whereas in the absence of pi-hydrogen atoms ketones are formed, 
e.g., diphenylmethane to benzophenone. 

It is important to note that the catalysts are orthogonal in their catalytic activity, 
that is 8 Q 10 [Mn 1I1 2ZnW(ZnW9O34) 2 ] is active only for alkene epoxidation but not for 
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Scheme 8.3 Oxidation of alkylarenes and alcohols with N 2 
catalyzed Q 5 [PV 2 Mo 10 O 40 ] 



alcohol or alkylarene oxidation, while for 4 Q 5 [PV2Mo 10 04o] the opposite is true. The 
mechanistic understanding of the catalytic activation of nitrous oxide is still quite ru- 
dimentary; however, one very notable observation is that nitrous oxide appears to be 
oxidized in the presence of both polyoxometalates, as was measured by the reduction 
(UV-VIS and EPR) of the polyoxometalates in its presence under reaction conditions 
without substrate. Considering the high oxidation potential of nitrous oxide as mea- 
sured by its ionization potential in the gas phase, this result is surprising. A further 
important observation in reactions catalyzed by 4 Q 5 [PV2Mo 10 04o], and from correla- 
tion of rates with homolytic benzylic carbon-hydrogen bond dissociation energies 
and Hammett plots, indicate that perhaps an intermediate polyoxometalate-nitrous 
oxide complex leads to carbon-hydrogen bond cleavage. Additional experiments are 
required to further understand the mechanistic picture. 

Sulfoxides are potentially interesting oxidants and/or oxygen donors, notably used 
in numerous variants of Swern type oxidations of alcohols in the presence of a stoi- 
chiometric amount of an electrophilic activating agent [24]. The deoxygenation of sulf- 
oxides to sulfides catalyzed by metal complexes with oxygen transfer to the metal com- 
plex or to reduced species, such as hydrohalic acids, phosphines, carbenes and carbon 
monoxide, is also well established [25]. In this context it has recently been demon- 
strated in our group that sulfoxides can be used as oxygen donors /oxidants in polyoxo- 
metalate catalyzed reactions. For the first time an oxygen transfer from a sulfoxide to 
an alkylarene hydrocarbon, to yield sulfide and a carbonyl product, was demonstrated; 
in certain cases oxidative dehydrogenation was observed, Scheme 8.4 [26]. 

Further research on the reaction mechanism revealed that the reaction rate was 
correlated with the electron structure of the sulfoxide; the more electropositive sulf- 
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oxides were better oxygen donors. Excellent correlation of the reaction rates with the 
heterolytic benzylic carbon-hydrogen bond dissociation energies indicated a hydride 
abstraction mechanism in the rate determining step to yield a carbocation intermedi- 
ate. The formation of 9-phenylfiuorene as a byproduct in the oxidation of triphenyl- 
methane supports this suggestion. Further kinetic experiments and 17 NMR 
showed the formation of a polyoxometalate-sulfoxide complex before the oxidation 
reaction, this complex being the active oxidant in these systems. Subsequently, in a 
similar reaction system, sulfoxides were used to facilitate the aerobic oxidation of al- 
cohols [27]. In this manner, benzylic, allylic and aliphatic alcohols were all oxidized 
to aldehydes and ketones in a reaction catalyzed by Keggin type polyoxomolybdates, 
[PV x Moi2- x O 40 ]" (3+x) (x = 0, 2), with DMSO as solvent. The oxidation of benzylic alco- 
hols was quantitative within hours and selective to the corresponding benzalde- 
hydes, but the oxidation of allylic alcohols was less selective. The oxidation of alipha- 
tic alcohols was slower but selective. In mechanistic studies considering the oxida- 
tion of benzylic alcohols, similar to the oxidation of alkylarenes, a polyoxometalate- 
sulfoxide complex appears to be the active oxidant. Further isotope labeling experi- 
ments, kinetic isotope effects, and especially Hammett plots, showed that oxidation 
occurs by oxygen transfer from the activated sulfoxide and elimination of water from 
the alcohol. However, the exact nature of the reaction pathway is dependent on the 
identity of substituents on the phenyl ring. 

Summarizing the information discussed in the section above, it can be noted that 
polyoxometalates appear to be versatile oxidation catalysts capable of activating var- 
ious mono-oxygen donors such as iodosobenzene, periodate, ozone, nitrous oxide 
and sulfoxides. Some of these reactions are completely new from both a synthetic 
and mechanistic point of view. The various reaction pathways expressed are also 
rather unique and point to the many options and reaction pathways available for oxi- 
dation catalyzed by polyoxometalates. 



8.4 

Oxidation with Peroxygen Compounds 

Before specifically discussing oxidation by peroxygen compounds using polyoxome- 
talates as catalysts, a few general comments concerning peroxygen compounds as 
oxidants or oxygen donors are worth noting. Firstly, from a practical point of view, 
hydrogen peroxide is certainly the most sustainable oxidant of this class, since it has 
a high percentage of active oxygen, 47%, it is inexpensive, and the byproduct of oxi- 
dation is water. On the down-side, its use as an aqueous solution presents problems 
of compatibility and reactivity with hydrophobic organic substrates or solvents and 
some precautions must be taken, such as working under reasonably low concentra- 
tions (usually < 20 wt% in a polar organic solvent) to prevent safety hazards. Various 
"solid" forms of hydrogen peroxide such as urea-hydroperoxide, sodium perborate 
and sodium percarbonate are also available. Alkyl hydroperoxides, notably tert-butyl- 
hydroperoxide, have the advantage that they are freely soluble in organic media and 
can thus be used in strictly non-aqueous solvents. The alcohol byproduct resulting 
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from the use of alkyl hydroperoxides as oxygen donors can often be easily recovered, 
for example by distillation, and at least in principle the alkyl hydroperoxide can be 
re-synthesized from the alcohol. There are also other peroxygen oxidants readily 
available; one notable inorganic compound is monoperoxosulfate, HSO5, normally 
available as a triple salt, Oxone™. 

From a mechanistic point of view, it is important to realize that polyoxometalates 
may interact with peroxygen oxidants in several different ways depending on the 
composition, structure and redox potential of the polyoxometalate compounds. On 
the one hand, one may expect reaction pathways typical for any oxotungstate or oxo- 
molybdate compounds with formation of peroxo or hydroperoxy (alkylperoxy) inter- 
mediates, capable of oxygen transfer reactions with nucleophilic substrates such as 
alkenes to yield epoxides. On the other hand, depending on the redox potential of 
the polyoxometalate, a varying degree of homolytic cleavage of oxygen-oxygen and 
hydrogen-oxygen bonds will lead to hydroxy (alkoxy) and peroxy (peralkoxy) inter- 
mediate radical species. The trend of increased formation of radical species as a 
function of increasing oxidation potential is clearly evident in the series of Keggin 
type heteropoly acids: H 5 PV2Mo 10 4 o > H 3 PMo 12 O4 > H3PW12O40. In particular, 
hydroxy or alkoxy radicals will lead to further hydrogen abstraction from the sub- 
strate molecules and formation of additional radical species. The rate of formation 
and fate of these latter radical species will determine the conversion, selectivity and 
identity of the products formed in the reaction. This tendency for homolytic cleavage 
in the peroxygen compounds can also be expected to be strongly influenced by the 
presence of substituting transition metals into the polyoxometalate structure. A high 
oxidation potential of the polyoxometalate and/or presence of redox active transition 
metals will also lead to dismutation reactions and thus non-productive decomposi- 
tion of the peroxygen oxidant and low yields based on the oxidant. There is also a 
more remote possibility that intermediate hydroperoxide species of a transition me- 
tal substituted into a polyoxometalate structure, for example a Fe m -OOH intermedi- 
ate, will lead to an Fe v =0 species or equivalent. To date, there has been no observa- 
tion of such a biomimetic transformation in polyoxometalate catalytic chemistry. 

Originally, tert-butylhydroperoxide was used together with transition metal-substi- 
tuted Keggin type compounds and then later on more effectively with transition me- 
tal substituted "sandwich" compounds for the oxidation of alkanes to alcohols and 
ketones [28]. The oxidation of alkenes proceeded with low selectivity. Although not 
rigorously studied, it would seem quite certain that these reactions proceed by a radi- 
cal mechanism via hydrogen abstraction by alkoxy radicals from the substrate. Inter- 
estingly, it has recently been observed that oxidation of alkanes with tert-butylhydro- 
peroxide catalyzed by a polyoxomolybdate, HsPMo^O^, may be redirected from oxy- 
genation to oxydehydrogenation yielding alkenes as the major products [29]. Thus, 
both acyclic and cyclic alkanes were oxidized to alkenes by tert-butylhydroperoxide in 
acetic acid with H3PM012O40 as catalyst with reaction selectivity generally 90%. 
Some minor amounts of alcohols, ketones and hydroperoxides products formed via 
oxygenation with molecular oxygen were also obtained as were some acetate esters. 
The alkene product tended selectively towards the kinetically favored product rather 
than the thermodynamically more stable alkenes. Therefore, oxidation of 1-methyl- 
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cyclohexane yielded mostly 3- and 4-methylcyclohexene rather than 1-methylcyclo- 
hexene. Similarly, in the oxidation of 2,2,4-trimethylpentane, the terminal alkene, 
2,2,4-trimethyl-4-pentene, was formed in four-fold excess relative to the internal al- 
kene, 2,2,4-trimethyl-3-pentene. A reaction scheme to explain the reaction selectivity 
is presented in Scheme 8.5. 
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Scheme 8.5 Oxidation of alkanes with tert-butylhydroperoxide 
catalyzed by H 3 PMo 12 O40 



tert-Butylhydroperoxide reacts with the H 3 PMo 12 04o catalyst to yield alkoxy and al- 
kylperoxy radicals [reactions (a) and (b)]. The alkoxy radical, which can be trapped by 
spin traps and observed by EPR, homolytically abstracts hydrogen from a reactive 
carbon-hydrogen moiety [reaction (c)]. Instead of the usual diffusion rate-controlled 
oxygenation with molecular oxygen [reaction (d)], oxidative electron transfer occurs 
yielding a carbocation, which in turn is dehydrogenated to yield an alkene or is at- 
tacked by acetic acid to give the acetate ester as a byproduct [reaction (e)]. tert-Butyl- 
hydroperoxide has also been used for the highly selective oxidation of thioethers, 
e.g., tetrahydrothiophene, to the corresponding sulfoxides without further oxidation 
to sulfones using H 5 PV2Mo 10 O 40 as the catalyst [30]. Although one may automati- 
cally assume that such an oxidation would take place by an oxygen transfer reaction 
from a polyoxometalate-alkylperoxy intermediate to the sulfide, the evidence pre- 
sented indicates that in fact oxidation occurs via electron transfer from the thioether 
to the polyoxometalate, where the role of the tert-butylhydroperoxide is to re-oxidize 
the reduced polyoxometalate. This type of mechanism is in line with what is known 
about oxidation catalyzed by H 5 PV2Mo 10 4 o with oxygen as the terminal oxidant, as 
will be discussed in Section 8.5 below (see Scheme 8.9). 

Enantioselective oxidation catalysis to yield chiral products from prochiral sub- 
strates using polyoxometalate catalysts has not been observed until recently. However, 
in a combined effort of several research groups it has been shown that the racemic va- 
nadium-substituted "sandwich" type polyoxometalate, [(V IV 0)2ZnW(ZnW90 34 )2] 12 ~, 
is an extremely effective catalyst (up to 40 000 turnovers) at near ambient tempera- 
tures, for the enantioselective epoxidation of allylic alcohols to the 2R,3i?-epoxyalcohol 
with the sterically crowded chiral hydroperoxide, TADOOH, as oxygen donor [31], 
Scheme 8.6. 

The enantiomeric excesses, ee, attained using aryl substituted allylic alcohols was 
quite high, generally 70-90%, at high conversions, >95%. However, less sterically 
hindered allylic alcohols such as geraniol gave a low enantiomeric excess, 20%, of 
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Scheme 8.6 Enantioselective epoxidation of allylic alcohols with a 
chiral hydroperoxide, TADOOH, catalyzed by [(V lv O) 2 ZnW(ZnW 9 34 ) 



chiral 2i?,3i?-epoxygeraniol. The chiral induction observed in the reaction is thought 
to be due to the presence of a vanadium template for the chiral hydroperoxide and 
the allylic alcohol. Thus, non-functionalized alkenes, e.g., 1-phenykyclohexene 
showed essentially negligible enantioselectivity. Also, substitution of vanadium with 
other transition metals yielded significantly lower enantioselectivity and low conver- 
sion of allylic alcohols. 

As noted above the oxotungstate or oxomolybdate nature of polyoxometalate com- 
pounds boded well for their activation of hydrogen peroxide. Thus, Ishii and cowor- 
kers described the first use of polyoxometalates with 30-35% aqueous hydrogen per- 
oxide as the oxidant. They used the commercially available phosphotungstic acid, 
H 3 PW 12 O4 as catalyst. In order to utilize a biphasic reaction medium (organic sub- 
strate/aqueous oxidant) they added a quaternary ammonium salt, hexadecylpyridi- 
nium bromide, to dissolve the [PWi2O 40 ] 3 ~ in the organic apolar solvent reaction 
phase. Ishii's group, in addition to others, gave numerous examples of oxidation re- 
actions typical for the use of reactions with hydrogen peroxide in the presence of 
tungsten-based catalysts. The first examples dealt with the epoxidation of allylic alco- 
hols [32] and alkenes [33]. Generally high epoxide yields, >90%, were obtained with 
only a relatively small excess of hydrogen peroxide. 

An evaluation of the catalytic activity for epoxidation reveals turnover frequencies 
of 5-15 per hour per tungsten atom. Under more acidic conditions and at higher 
temperatures the epoxides are sensitive to hydrolysis leading to the formation of vic- 
inal diols, which are subsequently oxidized to keto-alcohols, a,f3-diketones [34] or, at 
longer reaction times, undergo oxidative carbon-carbon bond cleavage to yield car- 
boxylic acids and ketones. The phosphotungstate polyoxometalate was also effective 
for oxidation of secondary alcohols to ketones, while primary alcohols were not reac- 
tive, allowing for the high yield regioselective oxidation of non-vicinal diols to the 
corresponding keto-alcohols; occo-diols did, however, react to give lactones (e.g., y-bu- 
tyrolactone from 1,4-butanediol) in high yields [35]. Other research showed that al- 
kynes [36], amines [37], and sulfides [37], could be oxidized efficiently to ketones, 
N-oxides, and sulfoxides and sulfones, respectively. Various quinones were also 
synthesized from active arene precursors [38]. 

While the synthetic applications involving oxidation of the various substrate types 
was being investigated mainly by Ishii's group [32-38] using [PWi2O 40 ] 3 ~ as the cata- 
lyst, other researchers have actively pursued studies aimed at an understanding of the 
identity of the true catalyst in these reactions [39-42]. In this context it should be 
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noted that the isostructural compound [SiW 12 O 40 ] 4 ~ showed almost no catalytic activ- 
ity compared with [PW 1 2O 40 ] 3 ~ under identical conditions [32], although most re- 
cently a similar Y-SiW 10 O 34 (H2O)2 4 ~ polyoxometalate has been shown to have similar 
activity to {P0 4 [WO(0 2 )2]} 3 ~ (normalized per tungsten atom) [43]. At practically the 
same time, Csanyi and Jaky [39], and the groups of Bregault [40], Griffith [41] and Hill 
[42] suggested, and convincingly proved, using various spectroscopic and kinetic 
probes, that the [PW 12 O 40 ] 3_ and even more so the lacunary [PWnC^g] 7- polyoxometa- 
late formed at pH -3-4 was unstable in the presence of aqueous hydrogen peroxide, 
leading mainly to the formation of the peroxophosphotungstate, {P0 4 [WO(0 2 )2]} 3 ~. 
This compound had been previously synthesized and characterized by Venturello 
et al. and had been shown to have very similar catalytic activity in various oxidation re- 
actions with hydrogen peroxide [44]. A general conclusion resulting from these stu- 
dies of the groups of Ishii, Venturello, Csanyi and Jaky, Bregault, Griffith and Hill is 
that the {P0 4 [WO(0 2 )2]} 3 ~ peroxophosphotungstate compound is one on the best cat- 
alysts, especially from the point of view of synthetic versatility, amongst all of the 
many peroxotungstates that have been studied. A more extensive review of the com- 
plex phosphotungstate solution chemistry in the presence of hydrogen peroxide is be- 
yond the scope of this present chapter. 

In more recent years, it has been shown by Xi and coworkers that by the careful 
choice of the quaternary ammonium counter cation and reaction solvent, a possibly 
technologically practical process for the epoxidation of propene to propene oxide 
could be envisiged using {P0 4 [WO(0 2 )2]} 3 ~ as catalyst [45]. For example, in the pre- 
sence of hydrogen peroxide using a combination of toluene and tributylphosphate as 
solvent, a soluble {P0 4 [WO(0 2 )2]} 3 ~ compound was obtained. Once the hydrogen 
peroxide is used up a {P0 4 [W0 3 ]} 3 ~ compound is formed that is insoluble in the re- 
action medium, allowing simple recovery for recycling of the phosphotungstate spe- 
cies. Importantly, it was claimed that the system could be coupled with the synthesis 
of hydrogen peroxide from hydrogen and oxygen using the classic ethylanthraqui- 
none process for hydrogen peroxide preparation. 

The hydrolytic instability of the simple and lacunary Keggin type polyoxometa- 
lates, [PW 12 O 40 ] 3 ~ and [PWnC^g] 7- , in the presence of aqueous hydrogen peroxide, 
leading to formation in solution of various peroxotungstate species of varying cataly- 
tic activity, led to two intertwined issues. The first issue that came up was the neces- 
sity to carefully analyze the stability of polyoxometalates under hydrogen peroxide/ 
hydrolytic conditions. For example, it had been claimed that lanthanide-containing 
polyoxometalates, [LnWio0 36 ] ? ~, were active catalysts for alcohol oxidation [46], how- 
ever, subsequent research showed that they in fact decomposed to smaller and 
known peroxotungstate species, which were the catalytically active species [47]. On 
the other hand, other Keggin compounds appeared to be stable in the presence of 
aqueous hydrogen peroxide. For example, a stable peroxo species based on the Keg- 
gin structure, [SiW 9 (NbO2)3037] 7 ~ was synthesized, characterized and used for epoxi- 
dation of reactive allylic alcohols but not alkenes [48]. The Q 5 [PV2Mo 10 O 40 ] (Q = qua- 
ternary ammonium cation) in aqueous hydrogen peroxide/acetic acid was stable and 
catalyzed the oxidation of alkylaromatic substrates at the benzylic position [49], while 
Q5[PV 2 Wio0 40 ], used for the oxidation of benzene to phenol, also remained intact 
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during the reaction [50]. Likewise, titanium-substituted Keggin type phosphotung- 
states are apparently stable in the presence of hydrogen peroxide [51]. In addition, it 
would appear that various iron-substituted Keggin compounds reported by Mizuno 
and coworkers for alkene and alkane oxidation are also stable in the presence of hy- 
drogen peroxide, although the study was not completely definitive [52]. From these 
examples and others not noted, it is clear that certain Keggin type polyoxometalates 
can be stable under certain reaction conditions. Parameters to consider in this con- 
text are pH, the relative stability of the specific polyoxometalate at such a pH, solvent 
and temperature. 

A second issue is whether there are polyoxometalate structures that are intrinsi- 
cally more stable towards the hydrolytic conditions of aqueous hydrogen peroxide. It 
was observed that in general, larger polyoxometalates, specifically polyoxotungstates 
of various "sandwich" type structures were solvolytically stable towards hydrogen 
peroxide. Unfortunately, often the substituting transition metal catalyzes the fast de- 
composition of hydrogen peroxide leading to low reaction yields and non-selective re- 
actions of little synthetic value. However, there is now a considerable body of re- 
search into several types of transition metal-substituted polyoxometalates that are 
synthetically useful. Various iron containing polyoxometalates of "sandwich" type 
structures have been investigated by the Hill group and found to have good activity 
for alkene oxidation with only moderate non-productive decomposition of hydrogen 
peroxide [53]. A relatively new class of transition metal-substituted compounds, poly- 
fluorooxometalates, [TMf^OJ^W^OssF^ 9- , which have a quasi Wells-Dawson 
structure [see Figure 8.3(c)], and where there is partial replacement of oxygen by 
fluorine, proved to be very active and stable oxidation catalysts that can be monitored 
by 19 F NMR for epoxidation of alkenes and allylic alcohols with hydrogen peroxide 
[54]. The nickel substituted compound was the most active of the series studied. Pre- 
viously, our group observed that a far more catalytically active class of compounds, 
which were also stable in oxidation reactions using aqueous hydrogen peroxides, 
were the {[WZnTM2(H 2 0)2][(ZnWg034)2]} ? ~ "sandwich" type polyoxometalates. Ori- 
ginally we observed that among this class of compounds, the manganese and analo- 
gous rhodium derivatives dissolved in the organic phase were uniquely active when 
reactions were carried out in biphasic systems, preferably 1,2-dichloroethane /water 
[55]. At lower temperatures, highly selective epoxidation could be carried out even 
with cyclohexene, which is normally highly susceptible to allylic oxidation. Non-pro- 
ductive decomposition of hydrogen peroxide at low temperatures was minimal, but 
increased with temperature and was also dependent on the reactivity of the sub- 
strate. The rhodium compound was preferable in terms of minimization of hydro- 
gen peroxide decomposition, but of course it is more expensive. Up to tens of thou- 
sands of turnovers could be attained for reactive hydrocarbon substrates [56]. 

The synthetic utility of the {[WZnMn'^HzO^nfZnWgOs^]} 12 " polyoxometalate 
as catalyst for hydrogen peroxide activation, was then extended to additional substrate 
classes having various functional units [57]. Thus, allylic primary alcohols were oxi- 
dized selectively to the corresponding epoxides in high yields and >90% selectivity. 
Allylic secondary alcohols were oxidized to a mixture of af5-unsaturated ketones (the 
major product) and epoxides (the minor product). Secondary alcohols were oxidized 
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to ketones and sulfides to a mixture of sulfoxides and sulfones. The reactivity of sim- 
ple alkenes is inordinately affected by the steric bulk of the substrate. For example, the 
general reactivity scale for the epoxidation of alkenes indicates a strong correlation be- 
tween the rate of the epoxidation and the nucleophilicity of the alkene, which is in 
turn correlated with the degree of substitution at the double bond. Thus, it was ex- 
pected and observed that 2,3-dimethyl-2-butene would be more reactive than 2- 
methyl-2-heptene, however, other more bulky substrates such as 1-methycyclohexene 
were found to be less reactive than cyclohexene, in contrast to what would normally be 
expected. Furthermore, a-pinene did not react at all. This led, for example, to unusual 
reaction selectivity in limonene epoxidation where both epoxides were formed in 
equal amounts, in contrast to the usual situation where epoxidation at the endo dou- 
ble bond is highly preferred [58]. In these catalytic systems high turnover conditions 
can be easily achieved and high conversions are attained for reactive substrates, but 
sometimes for less reactive substrates, such as terminal alkenes, conversions and 
yields are low. The conversion can be increased by continuous or semi-continuous ad- 
dition of hydrogen peroxide and removal of spent aqueous phases. 

After the original studies on the activity of the {[WZnMn n 2 (H 2 0)2] 
[(ZnW90 34 )2]} 12 ~ polyoxometalates in the mid 1990s, recent industrial interest re- 
vived research in this area. Originally, the large size of the "sandwich" type structure 
was thought to be disadvantageous for large scale and practical applications, because 
even at low molar percent loads of catalyst, relatively large amounts of polyoxometa- 
late would be required. However, the large molecular sizes (high molecular weights) 
have an under appreciated advantage in that they significantly simplify catalyst re- 
covery from homogeneous solutions via easily applied nano-filtration techniques. 
This reverses some of the previous thinking in this area. 

The newly initiated reinvestigation on the use of "sandwich" type polyoxometa- 
lates, {[WZnTM 2 (H 2 0)2][(ZnWc)034)2]} ? ~, showed that for a significant series of tran- 
sition metals, they were exceptionally active catalysts for epoxidation of allylic alco- 
hols using toluene or ethyl acetate as solvent [59]. The identity of the transition metal 
did not affect the reactivity, chemoselectivity, or stereoselectivity of the allylic alcohol 
epoxidation by hydrogen peroxide. These selectivity features support a conclusion 
that a tungsten peroxo complex rather than a high-valent transition-metal-oxo spe- 
cies operates as the key intermediate in the sandwich-type POMs-catalyzed epoxida- 
tions. The marked enhancement of reactivity and selectivity of allylic alcohols versus 
simple alkenes was explained by a template formation in which the allylic alcohol is 
coordinated through metal-alcoholate bonding and the hydrogen-peroxide oxygen 
source is activated in the form of a peroxo tungsten complex. 1,3-Allylic strain ex- 
presses a high preference for the formation of the threo epoxy alcohol, whereas in 
substrates with 1,2-allylic strain the erythro diastereomer was favored. In contrast to 
acyclic allylic alcohols the {[WZnTM 2 (H20)2][(ZnW9034) 2 ]} , ~ catalyzed oxidation of 
the cyclic allylic alcohols by hydrogen peroxide yielded significant amounts of enone 
rather than epoxides. 

In the present section we have highlighted research that has been carried out 
using polyoxometalates as catalysts for oxidation with peroxygen compounds. Not all 
of the synthetic applications have been noted, but those missing have been reviewed 
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previously [2]. It is important to stress that from a synthetic point of view, various 
substrates with varying functional groups can be effectively transformed into desired 
products. In this sense polyoxometalates constitute one class of compounds, among 
others, that may be considered for such transformations. In general, the often sim- 
ple preparation of catalytically significant polyoxometalates, along with the conceiva- 
ble recovery from solution by nano-filtration, presents a conceptual advantage in the 
use of polyoxometalates. From a mechanistic point of view, the wide range of proper- 
ties available in the various classes of polyoxometalate compounds allows one to ex- 
press reactivity in a number of ways, ranging from nucleophilic-electrophilic reac- 
tions between peroxo or hydroperoxy intermediates and organic substrates, to radical 
and radical chain reactions via alkoxy or hydroxy radicals formed by homolytic clea- 
vage of peroxygen compounds by polyoxometalates. 



8.5 

Oxidation with Molecular Oxygen 

The basic ecological and economic advantage and impetus for the use of oxygen 
from air as the primary oxidant for catalytic oxidative transformations are eminently 
clear. Yet, the chemical properties of ground state molecular oxygen limit its useful- 
ness as an oxidant for broad synthetic applications. The limiting properties are the 
radical nature of molecular oxygen, the strong oxygen-oxygen bond and the fact that 
one electron reduction of oxygen is generally not thermodynamically favored, 
AG > 0. The ground state properties of molecular oxygen lead to the situation that 
under typical liquid phase conditions, reactions proceed by the well-known autooxi- 
dation pathways, Scheme 8.7. 
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Scheme 8.7 Metal catalyzed autooxidation pathways 



Metal based catalysts may affect such pathways in various ways, but most notably 
they have an influence in initiating the radical chain propagation and decomposing 
intermediate alkylhydroperoxide species to alkoxy and peraalkoxy radicals, as dis- 
cussed in Section 8.4 above. It is also very instructive to note that in nature, common 
monooxygenase enzymes, such as cytochrome P-450 and methane monooxygenase, 
use reducing agents to activate molecular oxygen, Scheme 8.8. 
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Scheme 8.8 Oxidation under reducing conditions - 
monooxygenase type reactions 



The scheme depicted is not presented as an exact mechanistic representation, but 
rather to illustrate several basic points. Firstly, one may observe that oxygen is a 
unique oxidant compared with other oxygen donors; the oxygen donors being in prin- 
ciple reduced relative to molecular oxygen. In fact, even the active oxidizing intermedi- 
ate in metal-catalyzed autooxidation pathways is the reduced peroxo intermediate 
[Scheme 8.7, reaction (d)]. In addition, only one oxygen atom of molecular oxygen in 
both schemes is incorporated in the product; the other atom is reduced, coupled with 
the formation of water. Secondly, the requirement of a reducing agent for activation 
negates the basic ecological and economic impetus for the use of molecular oxygen 
since the reducing agent becomes in fact a limiting or sacrificial reagent. These obser- 
vations lead to the conclusion that newer and preferred methods of molecular oxygen 
activation should employ a superbiotic or abiotic approach. Polyoxometalates have 
played a part in such approaches to oxidative transformations. 

Polyoxometalates have been investigated as catalysts for aerobic oxidation reac- 
tions that are based on various mechanistic motifs. As indicated above, one way to 
utilize molecular oxygen is to oxidize a hydrocarbon in the presence of a reducing 
agent in a reaction that proceeds via an autooxidation type mechanism, with the ap- 
propriate radical species as intermediates. In the most synthetically interesting case, 
a polyoxometalate may initiate a radical chain reaction between oxygen and an alde- 
hyde as the reducing and sacrificial reagent. Aldehydes are practical, sacrificial re- 
agents because the relatively low carbon-hydrogen homolytic bond energy allows 
easy formation of the initial intermediates, the acylperoxo radical or an acylhydroper- 
oxide (peracid). Also some aldehydes, such as isobutyraldehye, are readily available 
and inexpensive. As for all peroxygen species, these active intermediates may then 
be used for the epoxidation of alkenes, the oxidation of alkanes to ketones and alco- 
hols, and for the Baeyer-Villiger oxidation of ketones to esters. This has been demon- 
strated using both vanadium (H 5 PV2Mo 10 04o) and cobalt (Co II PW 1 i0 39 5 ~) contain- 
ing Keggin type polyoxometalates as catalysts, with isobutyraldehyde as the preferred 
acylperoxo/peracid precursor [60]. Significant yields at very high selectivities were 
obtained in most examples. 

Polyoxometalates with the required redox properties can also be used in a straight- 
forward manner as autooxidation catalysts. In this way the trisubstituted Keggin 
compound, [IV^HjO^PWgOsy] 6 " (M = Fe m and Cr m ) and [Fe 2 M(H 2 0)3PW 9 03 7 ] 7 " 
(M = Ni 11 , Co 11 , Mn" and Zn") were used in the autooxidation of alkanes such as 
propane and isobutane to acetone and tert-butyl alcohol [61]. Later [Fe 2 . 
Ni(OAc) 3 PW9O 3 7] 10 ~ was prepared and used to oxidize alkanes such as adamantane, 
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cyclohexane, ethylbenzene and n-decane where the reaction products (alcohol and 
ketone) and regioselectivities were typical for metal catalyzed autooxidations [62]. An 
interesting recent application of such an autooxidation is the oxidation of 3,5-di-tert- 
catechol by iron and/or vanadium substituted polyoxometalates [63]. In this reaction 
there is a very high turnover number, >100 000. Here the polyoxometalates are excel- 
lent mimics of catechol dioxygenase. Finally, another use of a polyoxometalate, 
mainly (PCo u Mo 11 03 9 ) 5_ , was to catalyze autooxidation of cumene to the hydroper- 
oxo/peroxo intermediate by the Co" component of the polyoxometalate, followed by 
oxygen transfer to an alkene such as 1-octene, to yield epoxide catalyzed by the mo- 
lybdate component [64]. With the analogous tungsten polyoxometalate there was 
negligible oxygen transfer. In these reactions the cumene acts as a sacrificial redu- 
cing agent. 

As indicated above, other mechanistic motifs have been utilized in aerobic oxida- 
tion catalyzed by polyoxometalates. Perhaps the oldest and possibly most developed 
of all the mechanistic motifs considered is an abiotic approach whereby, the polyoxo- 
metalate activates the reaction substrate, both organic and inorganic, rather than the 
oxygen that serves as the ultimate oxidant. In such catalytic reactions the polyoxome- 
talate undergoes a redox type interaction, involving electron transfer with the reac- 
tion substrate leading to its oxidation and concomitant reduction of the polyoxometa- 
late. Generally, the initial electron transfer is rate determining, but exceptions are 
known. Molecular oxygen is used to reoxidize the reduced polyoxometalate. The me- 
chanism is summarized in Scheme 8.9. 



(a) RH, + POM^ — ; *- RH, + * + POM (n+1 »- 

1 ' * slow i 

(b) RH 2 + * + POM (n+1) - v R + POM (n+2) - + 2H + 

fast 

RH 2 = substrate; R = product 

(c) POM (n+2) - + 2H* + 1/2 0, *■ POM^ + H 2 

Scheme 8.9 Redox type mechanism for oxidation with 
polyoxometalates 

The basic requirement for a catalyst for such a reaction is that the oxidation poten- 
tial be sufficient for oxidation of organic substrates. Yet a too high oxidation potential 
is also not desirable because then it will not be possible to reoxidize the polyoxometa- 
late with molecular oxygen. For example, (Co ln Wi20 4 o) 5 ~ has a high oxidation poten- 
tial, facilitiaing oxidation of substrates such as xylene, but the resulting (Co n Wi2O 40 ] 6 ~ 
is not oxidized by molecular oxygen and thus can be used only as a stoichiometric oxi- 
dant [65]. It turns out that most commonly used catalysts for the reaction sequence de- 
scribed in Scheme 8.9 are the phosphovanandomolybdates, (PV x Mo 12 _ x 4 o) (3+x) ~, par- 
ticularly but not exclusively when % = 2. This compound in its acid form has an oxida- 
tion potential of- 0.7 Vas measured by cyclic voltammetry. 

The use of H 5 PV2Mo 10 4 o was first described as a co-catalyst in the Wacker reac- 
tion [66]. The Wacker reaction oxidation of terminal alkenes is a reaction that epito- 
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mizes the mechanistic motif as expressed in Scheme 8.9. The H 5 PV2Mo 10 O 40 poly- 
oxometalate acts to reoxidize the palladium species, which is in fact, in the absence 
of a co-catalyst, a stoichiometric oxidant of alkenes. The use of H 5 PV2Mo 10 O 40 re- 
places the classic CuCl 2 system, which because of the high chloride concentration is 
both corrosive and forms chlorinated side-products. In the 1990s, the Wacker type 
oxidation of ethylene to acetaldehyde was significantly improved by Grate and cowor- 
kers at Catalytica [67]. An interesting extension of the use of H 5 PV2Mo 10 O 40 in pal- 
ladium-catalyzed reactions has been to add benzoquinone as an additional co-catalyst 
to reoxidize the primary palladium catalyst; the resulting hydroquinone is, in turn, 
reoxidized by the polyoxometalate. This catalytic sequence has been used for the 
palladium-catalyzed oxidation of alkenes [68] and conjugated dienes [69]. 

H5PV2M010O40 was also used to oxidize gaseous hydrogen bromide to molecular 
bromine, which was utilized in situ for the selective bromination of phenol to 4-bro- 
mophenol [70]. More recently, H 5 PV2Mo 10 O4 has been used in a similar way with 
molecular iodine to carry out catalytic quantitative iodination of a wide range of aro- 
matic substrates without formation of any hydrogen iodide as byproduct [71]. Other 
early interest in the catalytic chemistry of H 3+x PV x Mo 12 _ x 4 o was in the oxidation of 
sulfur-containing compounds of interest in the purification of industrial waste and 
natural gas. Oxidations included that of H 2 S to elemental sulfur, sulfur dioxide to 
sulfur trioxide (sulfuric acid), mercaptans to disulfides and sulfides to sulfoxides and 
sulfones [72]. Hill and his group have continued the investigation of the oxidation 
chemistry of sulfur compounds, and shown that for H 2 S oxidation catalysts of low 
oxidation potential are sufficient for these reactions, because the oxidation of H 2 S to 
elemental sulfur is thermodynamically favored (AG < 0) [73]. 

In our opinion, a significant challenge for the use of the mechanistic motif indi- 
cated in Scheme 8.9 is the use of [PV2Mo 10 O 40 ] 5 ~ for the direct oxidation of hydrocar- 
bon substrates coupled with the suppression of autooxidation pathways. Perhaps an 
early use of (PV 2 Mo 10 O 40 ) 5 ~ in this context was the reaction described by Bregault 
and coworkers, where H 5 PV2Mo 10 O 40 was used in combination with dioxygen to oxi- 
datively cleave vicinal diols [74] and ketones [75]. For example, l-phenyl-2-propanone 
can be cleaved to benzaldehyde (benzoic acid) and acetic acid ostensibly through the 
a|5-diketone intermediate, l-phenyl-l,2-propane dione. Similarly, cycloalkanones can 
be cleaved to keto-acids and di-acids. In general, the conversions and selectivities are 
very high. Both vanadium centers and acidic sites appeared to be a requisite for the 
reaction. 

It would be interesting to carry out the oxidative cleavage of diols also under non- 
acidic conditions, as a possible pathway to the formation of a chiral pool from nat- 
ural carbohydrate sources. In this context, nearly neutral forms iodomolybdates, 
[IMo 6 24 ] 5 ~, have been found to show some activity for aerobic carbon-carbon bond 
cleavage reactions of diols with phenyl substiruents, but unfortunately aliphatic diols 
are less reactive [76]. In the late 1980s to early 1990s the [PV2Mo 10 O 40 ] 5 ~ polyoxome- 
talate was shown to be active in a series of oxidative dehydrogenation reactions, such 
as the oxydehydrogenation of cyclic dienes to the corresponding aromatic derivatives 
[77], and the selective oxydehydrogenation of alcohol compounds to aldehydes with 
no over-oxidation to the carboxylic acids [78]. Significantly, autooxidation of the aide- 
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hyde to the carboxylic acid was strongly inhibited, in fact particularly at higher con- 
centrations 0.1-1 mol%, [PV 2 Mo 10 O 40 ] 5 ~ can be considered to be an excellent auto- 
oxidation inhibitor. Similar to alcohol dehydrogenation to aldehydes, amines may be 
dehydrogenated to intermediate and unstable imines [78]. In the presence of water, 
aldehyde is formed, which immediately may undergo further reaction with the initial 
amine to yield a Schiff base. Since the Schiff base is formed under equilibrium con- 
ditions, aldehydes are eventually the sole products. Under the careful exclusion of 
water, the intermediate imine was efficiently dehydrogenated to the corresponding 
nitrile. 

During this period, the oxydehydrogenation of activated phenols to quinones was 
also demonstrated. In this way, oxidation of activated phenols in alcohol solvents 
yielded only oxidative dimerization products, diphenoquinones. Unfortunately un- 
der these mild conditions, the less reactive phenols did not react. It was observed 
that there was a clear correlation of the reaction rate with the oxidation potential of 
the phenol, indicating clearly that an electron transfer step was rate determining. 
An interesting extension of this work is the oxidation of 2-methyl-l-naphthol to 
2-methyl-l,4-naphthaquinone (Vitamin K 3 , menadione) in fairly high selectivities, 
-83% at atmospheric 2 [79]. This work could lead to a new environmentally favor- 
able process to replace the stoichiometric Cr0 3 oxidation of 2-methylnaphthalene 
used today. More recently, the finding that [PV2Mo 10 O 40 ] 5 ~ could catalyze the oxyde- 
hydrogenation of hydroxylamine to nitrosium cations led to an effective and gen- 
eral method for aerobic selective oxidation of alcohols to aldehydes or ketones by 
the use of nitroxide radicals and [PV2Mo 10 4 o] 5 ~ as cocatalysts. Typically, quantita- 
tive yields were obtained for oxidation of aliphatic, allylic and benzylic alcohols to 
the corresponding ketones or aldehydes with very high selectivity [80]. Based mostly 
on kinetic evidence and some spectroscopic support, a reaction scheme was formu- 
lated, Scheme 8.10. The results indicated that the polyoxometalate oxidizes the ni- 
troxyl radical to the nitrosium cation. The latter oxidized the alcohol to the ketone/ 
aldehyde and is reduced to the hydroxylamine, which in turn is reoxidized by 
[PV 2 Mo 10 O 40 ] 5 -. 



/^N^\ 



2 H 7 [PV lv 2 Mo 10 O 40 ] ~-JL Xr RR'CHOH 

R, R 1 = aryl, alkyl, H 



>a 



H 2 H 5 [PV v 2 Mo 10 O 40 ] -^N^- RR'C=0 

OH 

Scheme 8.10 Aerobic oxidation of alcohols with TEMPO 
and H 5 PV2Mo 10 4 o 
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Another very important example of the use of polyoxometalates for oxydehydro- 
genation is the technology proposed by Hill and Weinstock for the delignification of 
wood pulp [81]. In the first step, lignin is oxidized selectively in the presence of cellu- 
lose and the polyoxometalate is reduced. The now oxidized and water soluble lignin 
component is separated from the whitened pulp and mineralized at high tempera- 
ture with oxygen to C0 2 and H 2 0. During the mineralization process the polyoxo- 
metalate is reoxidized by molecular oxygen (air) and can be used for an additional 
process cycle. 

A mechanistic exploration of (PV2Mo 10 4 o) 5 ~ catalyzed oxydehydrogenations uti- 
lizing kinetic and spectroscopic tools was also carried out [82]. The room tempera- 
ture oxydehydrogenation of a-terpinene to p-cymene was chosen as a model reaction. 
Dehydrogenation was explained by a series of fast electron and proton transfers lead- 
ing to the oxidized or dehydrogenated product and the reduced polyoxometalate. In- 
terestingly, there were clear indications that the reoxidation of the reduced polyoxo- 
metalate by molecular oxygen went through an inner sphere mechanism, presum- 
ably via formation of a |0,-peroxo intermediate. Subsequent research has given con- 
flicting but still inconclusive evidence that the reoxidation might occur via an outer 
sphere mechanism [83]. 

In the reactions reviewed in the paragraphs immediately above, the oxidation of 
the hydrocarbon substrate by the polyoxometalate catalyst is purely a dehydrogena- 
tion reaction and no oxygenation of the substrate was observed, as is implicit in 
Scheme 8.9. An important extension of this mechanistic theme would be to couple 
electron transfer from the hydrocarbon to the polyoxometalate with oxygen transfer 
from the polyoxometalate to the reduced hydrocarbon substrate. This type of reactiv- 
ity is known in an important area of gas phase heterogeneous oxidation reactions, 
whereby a metal oxide compound at high temperature, -450 °C, transfers oxygen 
from the lattice of the oxide to a hydrocarbon substrate. This type of mechanism was 
originally proposed by Mars and van Krevelen, and the reaction is important in sev- 
eral industrial applications, such as oxidation of propene to acrolein and butane to 
maleic anhydride. Recently, it was shown by us that with the [PV2Mo 10 O 40 ] 5 ~ catalyst, 
electron transfer-oxygenation reactions were possible for oxidation of hydrocarbons 
at moderate temperatures, <80 °C [84]. Substrates oxygenated in this manner include 
polycyclic aromatic compounds and alkyl aromatic compounds. Thus, anthracene 
was oxidized to anthraquinone and active secondary alkyl arenes were oxidized to ke- 
tones. Use of 18 2 and isotopically labeled polyoxometalates, as well as carrying out 
stoichiometric reactions under anaerobic conditions, provided strong evidence for a 
homogeneous Mars-van Krevelen type mechanism and evidence against autooxida- 
tion and oxidative nucleophilic substitution as alternative possibilities, Scheme 8.11. 

Evidence for the activation of the hydrocarbon by electron transfer was inferred 
from the excellent correlation of the reaction rate with the oxidation potential of the 
substrate. For anthracene the intermediate cation radical was observed by ESR spec- 
troscopy, whereas for xanthene the cation radical quickly underwent additional elec- 
tron and proton transfer, yielding a benzylic cation species observed by 1 H NMR. 
Comparison of the oxidation potentials of the organic substrates, 1.35-1.50 V, and 
that of the catalyst, ~0.7 V, and analysis of the reaction rates led to the conclusion 
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(a) RH 2 + H 5 [PV 2 Mo 10 O 40 f- s|ow >- RH 2 4 * + H 5 [PV 2 Mo 10 O 40 f- 
for RH = anthracene 

(b) RH 2 4 ' + H 5 [PV 2 Mo 10 O 40 ] 6 - f R=0 + H 7 [PV 2 Mo 10 O 39 ] 6 - 

for RH = xanthene 

RH,-" + H 5 [PV 2 Mo 10 O 40 f- ► R + + H 7 [PV 2 Mo 10 O 40 ] 7 - 

(b') 

R + + H 7 [PV 2 Mo 10 O 40 ] 7 - ► R=0 + H 7 [PV 2 Mo 10 O 39 ] 5 - 

(c) H 7 [PV 2 Mo 10 O 39 ] 5 - + 2 ► H 5 [PV 2 Mo 10 O 40 | 5 " + H 2 

Scheme 8. 11 Mars-van Krevelen type oxygenation of anthracene 
and xanthene 

that the electron transfer step from the hydrocarbon to the polyoxometalate occurs 
through an outer-sphere mechanism. The reactions are thermodynamically feasible 
because of the high negative charge of the polyoxometalate catalyst. As shown by 
Marcus theory, this introduces a large electrostatic work function and lowers the free 
energy of the reaction. 

Beyond, the two mechanistic themes presented above, i.e., autooxidation and re- 
dox type reactions involving electron transfer, a ruthenium-substituted "sandwich" 
type polyoxometalate was shown to be a catalyst for oxidation by a "dioxygenase" 
type mechanism, as outlined in Scheme 8.12 [85]. 



2S=o 

L— Ru"POM - 

2S— Y 



2 Ru lv =0 POM Ru"POM-0 2 

y^" Ru"POM 
Ru'"POM-OCVRu l "POM -+-^ 

Scheme 8.12 Oxygen activation by a Ru-polyoxometalate: 
a dioxygenase mechanism 

A range of supporting evidence for such a mechanism in the hydroxylation of ada- 
mantane and for alkene epoxidation was obtained by providing evidence against 
autooxidation reactions (radical traps, isotope effects and other reaction probes), and 
by substantiating the "dioxygenase" mechanism by confirming the reaction stoichio- 
metry and isolating and characterizing a ruthenium-oxo intermediate. The inter- 
mediate was also shown to be viable for oxygen transfer in a quantitative and stereo- 
selective manner. The catalytic cycle was also supported by kinetic data. 

As can be concluded from the details presented in this section of the review, the 
variety of properties available in polyoxometalate compounds enables them to be 
used for aerobic oxidation, which may proceed by a number of mechanistic schemes. 
In some cases, practical synthetic techniques are already available, especially for 
aerobic alcohol oxidation and other oxidative dehydrogenation reactions. In other 
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cases it is hoped that mechanistic possibilities that have been put forward will stimu- 
late future synthetic developments. 



8.6 

Heterogenization of Homogeneous Reaction Systems 

Beyond questions of catalytic activation of oxidants and/or substrates by catalysts in 
general and by polyoxometalates for oxidation, an important part of catalysis re- 
search is connected with questions of catalyst recovery and recycling. In general one 
can discern between two broad approaches. The first basic approach is to immobilize 
a catalyst with proven catalytic properties onto a solid support, leading to a catalytic 
system that may be filtered and reused. Such approaches include concepts such as 
simple use of catalysts as insoluble bulk material, impregnation of a catalyst onto a 
solid and usually inert matrix, attachment through covalent or ionic bonds of a cata- 
lyst to a support, inclusion of a catalyst in a membrane or other porous material and 
several others. The second basic approach is to use biphasic liquid/liquid systems, 
such that at separation temperatures, which are usually ambient, the catalyst and 
product phases may be separated by phase separation; the catalysts phase is reused 
and the product is worked up in the usual manner. Numerous biphasic media have 
been discussed in the literature, which include using catalysts in aqueous, fluorous, 
ionic liquid, super critical fluid and other liquid phases. Some research in this gen- 
eral area of catalyst recovery has also been carried out using polyoxometalates as cat- 
alysts, with emphasis naturally being placed on reactions with oxygen or hydrogen 
peroxide as the most attractive oxidants for large-scale applications. 

In the area of solid/liquid reactions, the first application of liquid phase oxidation 
involving heterogenization of the homogeneous catalyst was impregnation onto a so- 
lid support. One set of research reports in this area was to impregnate phosphovana- 
domolybdate catalysts, [PV x Mo 12 _ x O 40 ] (3+x) ~ (x = 2, 3, 4), onto active carbon as the 
best catalyst for aerobic oxidation. In this way, first [PV 2 Mo 10 O 40 ] 5 ~ and then 
[PV s Mo 6 4 o] 9 ~ on carbon were used to catalyze oxidation of alcohols, amines and 
phenols [78, 86]. Recently, a ruthenium-containing polyoxometalate has also been 
used for alcohol oxidation [87]. Toluene is a good solvent for many reactions and 
does not lead to measurable leaching. On the other hand, polar solvents tend to dis- 
solve the catalysts into solution. Similarly, [PV2Mo 10 04o] 5 ~ on several supports, such 
as carbon or textile fibers, was active for oxidation of various odorous volatile organ- 
ics such as acetaldehdye, 1-propanethiol and thiolane [88]. The impetus of such re- 
search was not preparative (synthetic) but rather to deodorize air. 

Very recently, an iron substituted polyoxometalate supported on cationic silica was 
found to be active for oxidation of sulfides and aldehydes [89]. For similar reactions, 
H 5 PV2Mo 10 O40 supported on a mesoporous molecular sieve, both by adsorption 
onto MCM-41 and by electrostatic binding to MCM-41 modified with amino groups, 
was active in the aerobic oxidation of alkenes and alkanes in the presence of isobutyr- 
aldehyde as sacrificial reagent [90]. It was originally thought that the catalyst support 
was inert and was useful for increasing the surface area for the heterogeneous reac- 
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tion. However, it was noticeable from the combined research efforts that for autooxi- 
dation of aldehydes and oxidation of sulfides, silica supports were suitable, but for 
the oxidation of alcohols, amines and phenols, carbon supports were far superior. In 
fact, the unique and high activity of active carbon versus other supports such as silica 
or alumina, led to the suggestion that the support may be actively involved in the cat- 
alysis. A subsequent study led to the formulation that quinones, probably formed on 
the active carbon surface through the presence of the polyoxometalate and oxygen, 
might play a role as an intermediate oxidant [91]. Thus, a catalytic cycle may be con- 
sidered, whereby a surface quinone oxidizes the alcohol to the aldehyde and is re- 
duced to a hydroquinone, which in turn is reoxidized in the presence of the catalyst 
and molecular oxygen. 

Since heteropoly acids can form complexes with crown ether type complexes [92], 
an interesting twist, which is especially useful in oxidation with the acidic 
H 5 PV2Mo 10 O40, was to employ the inexpensive polyethylene glycol as solvent [93]. 
Upon cooling the reaction mixture the H 5 PV2Mo 10 04o-polyethylene glycol phases se- 
parate from the product. In this way, previously known reactions with H 5 PV2Mo 10 O40, 
such as aerobic oxidation of alcohols, dienes and sulfides, and Wacker type oxidations, 
were demonstrated. Beyond the simple use of polyethylene glycol as solvent, the at- 
tachment of both hydrophilic polyethylene glycol and hydrophobic polypropylene gly- 
col to silica by the sol-gel synthesis leads to solid particles, which upon dispersion in 
organic solvents lead to liquid-like phases, Scheme 8.13. Addition of H 5 PV 2 Mo 10 O 40 
leads to what we have termed solvent anchored supported liquid phase catalysis and 
reactivity typical for this catalyst [94]. The balance of hydrophilicity-hydrophobicity of 
the surface is important for tweaking the catalytic activity. 
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Product + H 2 scheme 8.13 Solvent anchored supported liquid 
Ssk[/\ ^/ 0H phase catalysis: silica-PEG/PPG-H 5 PV2Mo 10 04o 



Catalysts useful for reactions with hydrogen peroxide have also been heteroge- 
nized on a solid support. Since polyoxometalates are anionic, preparation of silica 
particles with quaternary ammonium moieties on the surface led to a useful catalytic 
assembly with {[WZnMn2(H20) 2 ][(ZnW9034) 2 ]} 12 ~ as the active species. Importantly, 
using the sol-gel synthesis for the preparation of silica, the surface hydrophobicity 
could be controlled by choice of the organosilicate precursors [95]. This control of 
surface hydrophobicity led to the tuning of the catalytic activity and gave essentially 
the same reactivity as in the previously reported biphasic liquid/liquid reaction med- 
ium. No organic solvent was needed. Reactions can be carried out by mixing aqu- 
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eous hydrogen peroxide and the organic substrate with a solid catalyst particle, 
which is easily recoverable. Although, polyoxometalates are commonly synthesized 
as water-soluble alkali salts, the idea of carrying out reactions in biphasic media, 
polyoxometalate-water/organic substrate, has not been realized until recently. It has 
now been demonstrated that {[WZn 3 (H20)2][(ZnW9034) 2 ]} 12 ~ in water catalyzes the 
oxidation of alcohols with hydrogen peroxide, Scheme 8.14 [96]. The catalytic system 
is quite effective for oxidation of secondary and primary alcohols to ketones and car- 
boxylic acids, respectively. An important and key characteristic of this catalytic sys- 
tem is that the catalyst, Na 1 2[WZn 3 (H20)2][(ZnW90 3 4)2] does not have to be prepared 
beforehand. Assembly, in situ, of the polyoxometalate by mixing sodium tungstate, 
zinc nitrate and nitric acid in water is sufficient to attain a fully catalytically active 
system. After completion of the reaction and phase separation, the catalyst water so- 
lution may be reused without loss of activity. 

Concepts and techniques to utilize polyoxometalates in an efficient way are just in 
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R = Ar, alkyl \ yield - 85 - 99% S" Organic 
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19Na 2 W0 4 + 5Zn(N0 3 ) 2 + IBNaNOt, »- Na 12 [Zn 3 W(ZnW 9 024) 2 ] 

Scheme 8.14 Aqueous biphasic reactions via self-assembly 
for oxidation of alcohols with hydrogen peroxide 



their infancy. As the number of synthetic uses of polyoxometalates increases and as 
the practical potential of polyoxometalate oxidation catalysis becomes a reality, one 
might expect a number of new methods for catalyst "engineering" to aid in recovery 
and recycling. 



8.7 
Conclusion 

Liquid phase oxidation catalysis by polyoxometalates became a research topic only 
about 25 years ago. Since then various applications of polyoxometalates as practical 
oxidation catalysts useful for synthesis have been demonstrated. Additional synthetic 
procedures are not far away, due to the wide variety of polyoxometalates that can be 
prepared and the important structure-activity relationships that have been shown. 
In fact, it is the mechanistic research that has been carried out which points to many 
new and possibly exciting synthetic applications. Although polyoxometalates are of 
high molecular weight, efficient methods of catalyst recycling such as nanofiltration 
and some use of supports and biphasic media are already available. This bodes well 
for the eventual use of polyoxometalate catalysts, along with benign oxidants, as an 
attractive platform for replacing the still common use of environmentally damaging 
stoichiometric oxidants. 
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9 

Oxidation of Carbonyl Compounds 

Jacques Le Paih, Jean-Cedric Frison and Carsten Bolm 



9.1 
Introduction 

The oxidation of aldehydes (alkanals) and ketones (alkanones) has been reviewed ex- 
tensively [1-3], and there are compilations based on reagent types [4-8] and oxida- 
tion methods for most functionalized compounds including those having carbonyl 
groups. Books [9, 10] and comprehensive review articles [11-16] on carboxylic acids 
and their derivatives also provide important background information on the oxida- 
tion of carbonyl compounds. This account will focus exclusively on the synthesis of 
carboxylic acid derivatives. After a brief summary of the well-established methods, 
new directions in oxidative transformations of carbonyl compounds will be de- 
scribed. Among these, in particular, catalytic [17, 18] and asymmetric versions will 
be emphasized. 



9.2 

Oxidations of Aldehydes 

In addition to the information given in the general literature cited above, the oxida- 
tion of aldehydes has specifically been reviewed [19, 20]. The presentation here will 
begin with an overview of reagents that have been used for the conversion of alde- 
hydes into carboxylic acids and derivatives thereof. Subsequently, more specific oxi- 
dation reactions such as dismutations and oxidative rearrangements will be de- 
scribed. In the final part, oxidations of aldehyde derivatives such as acetals, oximes 
and hydrazones will be presented. 

9.2.1 

Conversions of Aldehydes to Carboxylic Acid Derivatives by Direct Oxidations 

Since aldehydes are at an intermediate oxidation level between alcohols and car- 
boxylic acids, reagents that are capable of oxidizing alcohols to carboxylic acid deriva- 
tives can generally also be applied for aldehyde oxidations. The various oxidants in- 
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traduced for this transformation can be grouped into different classes with distinct 
properties. 

9.2.1 .1 Metal-free Oxidants 

Oxygen 

On contact with air, aldehydes are readily oxidized to carboxylic acids. Generally, this 
autoxidation proceeds by a radical chain mechanism [21], and it can be accelerated 
by irradiation with ultraviolet light or the addition of catalysts [22]. In the oxidation 
of aromatic aldehydes with oxygen polyoxometalates [23], supported Fe(acac) 3 [24], 
Ni(acac) 2 [25], CoCl 2 [26], a Ru(diaminodiphosphine)Cl 2 derivative [27], and 
Rh(CO)(PPh 3 ) 2 Cl [28] have been used. Base catalysts are also effective. For example, 
sodium pyrazolide catalyzes the air oxidation of aromatic substrates even at room 
temperature [29]. Aliphatic aldehydes are converted into the corresponding car- 
boxylic acids with air [30] or 2 /0 3 mixtures [31] as oxidants. Again, metal catalysts 
[32-36] such as platinum [34], Mn(stearate) 2 [35], Ce0 2 /RuCl 3 [36] or others [23, 24] 
have been applied. 

Peroxides 

Organic peroxides [37] are particularly attractive oxidants that have frequently been 
applied in the preparation of carboxylic acids starting from aldehydes. Hydrogen per- 
oxide [38] oxidizes under both basic [39] and acidic conditions [40]. Catalytic pro- 
cesses for oxidations of aldehydes with hydrogen peroxide involve the use of molyb- 
denum oxides [41], vanadium oxides [42], tungsten oxometalates [43] and titanium 
silicates [44] as catalysts. Esters can be obtained when the reaction is performed in 
the presence of an alcohol [42, 44]. Recently, a two-phase system applying a phase 
transfer catalyst has been introduced, which affords carboxylic acids in high yield 
[45]. The system is free of both organic solvent and metal catalyst and allows the se- 
lective oxidation of functionalized aldehydes such as 1 and 3. The corresponding car- 
boxylic acids 2, possessing an olefmic double bond, and 4, bearing an oxidation sen- 
sitive secondary hydroxyl group, are obtained in 85% and 79% yield, respectively 
[Eqs. (1) and (2)]. 



[CH 3 (n-C 8 H 17 ) 3 N]HS04 

^^>1^CHO ' 

H 2 2 (30% in water) 

1 90 °C, 2-3 h 

(85%) 



(1) 




CHO 




CQ 2 H 



(79%) \^v^ (2) 



A common oxidant is tert-butyl hydroperoxide [46-48], which can either be acti- 
vated by metal salts [47] or used in an aqueous, metal-free process [48]. In this latter 
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case, it is possible to oxidize aldehydes to carboxylic acids selectively, while other po- 
tentially reactive functional groups in the molecule remain untouched. An example 
is provided by the selective oxidation of p-thiomethoxybenzaldehyde (5) with tert-bu- 
tyl hydroperoxide in the presence of cetyltrimethylammonium sulfate {[CTA] 2 S0 4 } 
to give carboxylic acid 6 in 98% yield [Eq. (3)]. By increasing the reaction tempera- 
ture to 70 °C the corresponding p-sulfonyl benzoic acid can be obtained quantita- 
tively [48]. 

CHO [CTA] 2 S0 4 pH>13 ^wC0 2 H 



f-BuOOH (30%), ^g^v^ (3) 

20 °C, 20 h 
5 (98%) 6 

Other peroxides such as 2-hydroperoxyhexafluoro-2-propanol [49], cumene hydro- 
peroxide [50] or dimethyldioxirane [51] have also been used. Peracids, which can be 
formed in situ by reacting hydrogen peroxide with the corresponding acid [52], are 
also effective. Perbenzoic acids are the most commonly used reagents for such pur- 
pose [53-55]. In some cases, they have been activated by metal catalysts [54, 55]. 

Hydroxide and alkoxide 

Aldehydes are oxidized to the corresponding acids in molten sodium hydroxide. The 
reaction conditions are very harsh, and fused alkali is required for this transforma- 
tion. By this process vanillic acid can be obtained in very high yield starting from va- 
nillin [56]. Other aldehyde oxidations involving hydroxy or alkoxy derivatives (Can- 
nizzaro and Tishchenko reactions) will be discussed in Section 9.2.2.1. 

9.2.1.2 Metal-based Oxidants 

Manganese 

Potassium permanganate has been widely used for the oxidation of aldehydes to car- 
boxylic acids under acidic, neutral or basic conditions [57, 58]. In reactions with eno- 
lizable aldehydes, competitive enol cleavage reactions can occur, when bases or 
strong acids are used (see Section 9.3.1). The best yields are achieved under neutral 
conditions, albeit at a reduced reaction rate. If the solubility of the substrate is low, 
an organic solvent such as acetone can be added [59]. Phase transfer-assisted per- 
manganate oxidations have been developed using tetraalkylammonium salts [60, 61] 
or crown ethers [62] as phase transfer catalysts. These reagents solubilize permanga- 
nate in the organic layer or utilize it directly from the solid state. Even though oxida- 
tive cleavage reactions are common under these conditions, use of benzyltriethylam- 
monium permanganate allows clean oxidations of aldehydes to carboxylic acids [61]. 
An optimized system involves potassium permanganate in a mixture of tert-butanol 
and aqueous sodium dihydrogenphosphate [63]. Sodium permanganate [64] and 
copper [65] permanganate can also be used, but the substrate scope is limited. Re- 
cently, metal permanganates have been introduced for the oxidation of organometal- 
lic compounds of palladium [66] and ruthenium [67] bearing an aldehyde group on 
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the ligand. No oxidation of the metal occurred. For example, ruthenium complex 8 
was obtained in 64% yield by oxidation of aldehyde 7 with potassium permanganate 
in water and acetone as the co-solvent [Eq. (4)]. 




CHO -^ rr ^ Tr ^-C0 2 » 

KMnO, 



H 2 0, acetone 

(64%) 




(4) 



The oxidation of aldehydes to carboxylic acids by the lower valent manganese di- 
oxide [68] is a very slow process, which requires a higher temperature [69]. Corey de- 
veloped the most straightforward application of this reagent [70], which is particu- 
larly recommended for the conversion of oc,P-unsaturated aldehydes [70, 71], since it 
proceeds without double bond isomerization. Aromatic aldehydes can be converted 
into the corresponding esters [72]. The reaction involves the use of cyanide ions and 
proceeds via cyanohydrins. The latter are oxidized to a-ketonitriles, which undergo 
a cyanide substitution reaction with alkoxide as the nucleophile to give the desired 
esters. 

Chromium 

In general the oxidation of aldehydes to carboxylic acids proceeds smoothly with 
chromium(IV) reagents under acidic conditions [57, 73]. As with metal permanga- 
nates, cleavage reactions can occur with enolizable aldehydes. As a result, the corre- 
sponding carbonyl derivatives with one carbon less than the starting material are 
formed (see Section 9.3.1). The most common chromium reagent for the aldehyde 
oxidation is the Jones reagent [74], which is a solution of chromium trioxide in dilute 
sulfuric acid [75]. Other chromium compounds, such as pyridinium halochromate 
[76, 77] or pyridinium dichromate in N,N-dimethylformamide [78, 79], have also 
been applied. In these cases, esters can be prepared directly when the reaction is per- 
formed in the presence of an alcohol [79]. Some kinetic studies have been performed 
in oxidations with pyridium fluorochromate [77] and quinolinium dichromate [80]. 
Recently, the oxidation of aldehydes using catalytic amounts of chromium salts [73] 
in the presence of an excess of sodium periodate [81] in an acidic medium [82] has 
been described. 

Silver 

Both oxides of silver, Ag 2 and AgO, have been used for aldehyde oxidations. The 
silver) I) reagent has mainly been applied in transformations of aliphatic [83] and 
aromatic aldehydes [84], less so in oxidations of organometallic complexes bearing 
an aldehyde function [85] or a,(5-unsaturated compounds [86]. Use of the silver(II) 
oxide is less common [70, 87], probably due to its limited availability and high cost. 
Cyanide ions catalyze this oxidation in methanol leading to carboxylic acids (and not 
to esters; as compared with manganese) [70]. In reactions with a,(3-unsaturated alde- 
hydes, double bond isomerizations have been observed [70]. Less common silver re- 
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agents such as silver picolinate [88], tetrakis (pyridine) silver peroxodisulfate [89] and 
silver carbonate supported on celite [90] have also been used. Oxidations with the 
last reagent in the presence of alcohol affords esters instead of acids [90], which is in 
contrast with the reactions with other silver oxides. 

Other metals 

Aldehydes can be oxidized by nickel [91] and ruthenium oxides. Whereas ruthenium 
tetroxide [92] gives poor conversions to the corresponding acids, catalytic amounts of 
ruthenate [93] in the presence of a secondary oxidant, such as NaBr0 3 or K 2 S 2 O g , 
give better yields. Other ruthenium species for the catalytic oxidation of aldehydes to 
carboxylic acids are tris(triphenylphosphine) ruthenium dichloride [94] in the pre- 
sence of hypervalent iodine [95] and ruthenium trichloride [96] in combination with 
periodate [81]. 

Finally, oxidations of aldehydes in the presence of alcohols or amines lead to esters 
or amides, respectively. The reactions require ruthenium [97], rhodium [98, 99] or 
palladium [100] catalysts. Formally they are oxidative dehydrogenations of the corre- 
sponding hemiacetals or hemiaminals, generated in situ by addition of the alcohol or 
the amine to the aldehyde. Hydrogen is formed during the reaction and needs to be 
trapped by a hydrogen acceptor such as an unsaturated compound (bearing a double 
or a triple bond) [97], an aryl halide [100] or another oxidant [99]. These scavengers 
and oxidants also avoid the reduction of the aldehyde, which would lead to a dismu- 
tation process (see Section 9.2.2.1). 

9.2.1.3 Halogen-based Oxidants 

Molecular halogens 

Aromatic and aliphatic aldehydes are oxidized smoothly by bromine in aqueous solu- 
tion [101]. The reaction can also be performed in alcohol as the solvent, but in this 
case, the corresponding esters are formed in good yields [102, 103]. Iodine in the pre- 
sence of alkali is also effective for this transformation [103]. 

Halo amines, amides, and imides 

N-Bromo- [104-106] or N-iodo- [107] succinimide are efficient reagents for the oxida- 
tion of aldehydes to carboxylic acid derivatives. The corresponding acyl halides are 
formed as intermediates, which are easily converted into acids [104], esters [105, 
107], or amides [106] by reaction with water, alcohol or amine, respectively. Fluoride- 
containing reagents such as fluoro oxysulfate [108] and selectfluor {1-chloromethyl- 
4-fluoro-l,4-diazoniabicyclo[2.2.2] octane bis(tetrafluoroborate)} [109] are also able to 
oxidize aldehydes to carboxylic acid derivatives. In these cases, acyl fluorides are the 
intermediates. 

Hypochlorite 

Hypochlorites are very convenient oxidizing agents, with sodium [110, 111] and cal- 
cium [112, 113] hypochlorite being the most useful ones. Oxidations of aliphatic 
and aromatic aldehydes afford the corresponding carboxylic acids [112] or esters 
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[111, 113]. Other hypochlorites, and in particular tert-butyl hypochlorite [114], have 
also been used. For example, the latter reagent was applied in the oxidation of a (cy- 
clobutadiencarboxaldehyde) iron tricarbonyl complex (9), which afforded ester 10 in 
90% yield [Eq. (5)]. No oxidation of the metal center occurred. The reaction path in- 
volves the aldehyde oxidation by tert-butyl hypochlorite leading to the correspond- 
ing acyl chloride, which is then converted into the methyl ester by reaction with 
methanol. 

/ CHO C0 2 Me 

1)f-BuOCI, CCI 4 LL-U 

Fe " Fe (5) 

OC i CO 2) MeOH, NEt 3 OC i CO 

CO ,„„„„ CO 



(90%) 



10 



The success of reactions with hypochlorites is dependent on the solvent and the 
starting material. Thus, if an aromatic aldehyde bears donor substituents, such as 
methoxy groups, on the aromatic ring, electrophilic chlorinations can occur to give 
undesired byproducts [114]. 

Chlorite 

A very useful oxidant for the conversion of aldehydes into carboxylic acids is sodium 
chlorite [115]. However, since other oxidants such as hypochlorite and chlorine diox- 
ide are formed in the course of this oxidation, the product yield can be diminished. 
In order to avoid this effect, scavengers such as hydrogen peroxide [116-118], di- 
methyl sulfoxide [116], sulfamic acid [116, 119-121], resorcinol [119] or 2-methylbu- 
tene [122-124] have been added. Chlorites are particularly appropriate for the oxida- 
tion of functionalized aliphatic [116-118, 122], a,|3-unsaturated [116, 117, 120, 123] 
and aromatic aldehydes bearing electron-withdrawing groups [116, 117, 121, 124]. In 
the case of donor substituents on the aromatic ring, chlorinated compounds are 
formed as byproducts [116]. 

9.2.1 .4 Sulfur- and Selenium-based Oxidants 

Sulfur 

Oxidations of aldehydes to derivatives of carboxylic acids can be performed by use of 
Caro's acid (peroxomonosulfuric acid) [125], which is prepared by treatment of sulfu- 
ric acid with hydrogen peroxide or obtained from ammonium peroxodisulfate. In 
this manner, 100% of metacrolein is converted into ethylmetacrylate in the presence 
of ethanol [125]. Acrolein is oxidized to acrylic acid (99% conversion) at neutral pH 
using Oxone [126], which is a stable water-soluble oxidant having the approximate 
composition K 2 S0 4 • 2KHS0 5 • KHS0 4 . 

Selenium 

Oxidations with selenium as the oxidizing agent have recently been reviewed [127]. 
The combination of a catalytic amount of selenium dioxide and a secondary oxidant 
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is a convenient system for aldehyde oxidation [128-130]. Acrolein is selectively oxi- 
dized to acrylic acid in 90% yield using a 15% aqueous solution of hydrogen perox- 
ide [128]. With a 30% hydrogen peroxide solution, a wide range of aldehydes has 
been oxidized to afford products in high yield [129]. Arylselenic acid derivatives are 
also known to activate hydrogen peroxide and tert-butyl hydroperoxide [130-132]. 
The latter combination is very selective. Thus, even with methoxybenzaldehyde deri- 
vatives only small quantities of the Dakin product (see Dakin reactions, under Sec- 
tion 9.2.2.2) are formed [130]. This reaction has also been performed in a triphasic 
system using a perfluorinated selenium catalyst [132]. 

9.2.1.5 Nitrogen-based Oxidants 

Aldehydes are readily oxidized to carboxylic acids using nitric acid of various concen- 
trations. Aliphatic substrates can be applied, however the selectivity is low and in the 
case of hydroxyaldehydes [133], the corresponding diacids are obtained. Aromatic al- 
dehydes are smoothly converted into the corresponding carboxylic acids [134]. Opti- 
mization studies revealed that a 5.5 molar solution of nitric acid was optimal for the 
conversion of benzaldehyde into benzoic acid giving a 94% yield of the desired pro- 
duct [134]. Nitrogen heterocycles, and in particular phenanthrolines containing alde- 
hyde functions, are also readily oxidized by nitric acid to the corresponding car- 
boxylic acids [135]. 

Other nitrogen-containing reagents that are able to oxidize aldehydes, are nitro- 
benzene in the presence of cyanide ions [136], peroxyacetyl nitrate [137] and Angeli's 
salt (sodium trioxodinitrate) [138]. However, the scope and efficiency of these re- 
agents remain limited. 

9.2.1.6 Miscellaneous 

Sodium perborate is a convenient oxidant for the oxidation of aromatic aldehydes 
[139]. In contrast, aliphatic substrates are inert. Recently it was shown that aldehydes 
can also be oxidized to carboxylic acids by IBX (o-iodoxybenzoic acid) [140]. 

3-Benzylthiazolium bromide, in the presence of a base and a primary alcohol, cata- 
lyzes a redox reaction in which the aldehyde is oxidized to the corresponding methyl 
ester. Organic compounds such as acridine [141] or flavine [142] are reduced. 

Electrochemical [143, 144] and biochemical processes [145] are also effective for 
the synthesis of carboxylic acid derivatives from aldehydes. 

9.2.2 

Conversions of Aldehydes into Carboxylic Acid Derivatives 

by Aldehyde Specific Reactions 

9.2.2.1 Dismutations and Dehydrogenations 

Cannizzaro reactions 

On treatment with aqueous or alcoholic alkali solutions aromatic and aliphatic alde- 
hydes 11 lacking a-hydrogens undergo dismutations (Cannizzaro reactions) to give 
the corresponding carboxylic acid salts 12 and alcohols 13 [Eq. (6)] [146,147]. 
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HCT 
2RCHO - RC0 2 " + RCH 2 OH (g\ 

11 12 13 

Improvements to the reactions involve the use of microwave irradiation [148] and 
transformations without solvent [149]. The dismutation mechanism of benzaldehyde 
and pivaldehyde has been studied by ab initio calculations [150]. 

Intramolecular Cannizzaro reactions can occur when two aldehyde functionalities 
are in close proximity to each other. Then, dismutation followed by ring-closure 
leads to lactones [151]. 

On an alternative pathway, internal Cannizzaro reactions afford mandelic acid- 
type compounds from phenylglyoxal derivatives [152-156]. Copper complexes [153, 
154], chromium perchlorate [154], cobalt Schiffs bases [155] and yttrium chloride 
[156] have been applied as catalysts. An asymmetric version [Eq. (7)] has been devel- 
oped using phenylglyoxal (14) as substrate and a combination of Cu(OTf) 2 and (S,S)- 
Ph-box 16 as the chiral catalyst [154]. After 24 h at room temperature isopropyl man- 
delate (15) was obtained with an enantioselectivity of 28% ee. 








CHO 



Cu(OTf) 2 , 16 (1 mol%) 



i J " /-PrOH, CH 2 CI 2i II 

r.t., 24 h 
14 (56%) 




(7) 



Finally, cross-Cannizzaro reactions allow alcohols to be synthesized in good yields 
(>50%) from aromatic aldehydes, using an excess of sacrificial paraformaldehyde, 
which is oxidized to formic acid [157]. 

Tishchenko reactions 

A modification of the Cannizzaro reaction was discovered by Claisen [158] and later 
extended by Tishchenko [159]. It involves the use of sodium or aluminum alkoxides 
in the conversion of aliphatic and aromatic aldehydes into the corresponding esters 
[160]. Other catalysts, such as boric acid [161], superoxide ion/crown ether [162] and 
metal catalysts [163] have also been applied in this oxidation reaction. 

Dialdehydes allow an intramolecular Tishchenko reaction [164, 165]. In the case of 
8-keto aldehydes the reaction leads to lactones [164]. Other substrates such as ter- 
ephthaldehyde or dodecanedial behave differently and result in the formation of 
polymers [165]. 

A related intramolecular reaction of this type is the so-called Evans-Tishchenko re- 
action [166]. Here, a [(-hydroxy ketone is reduced in the presence of an aldehyde 
yielding 1,3-diol monoesters. Several metal catalysts such as samarium iodide [166, 
167] and zirconocene complexes [168] are effective. The reaction is highly diastereo- 
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selective. For example, starting from chiral P-hydroxy ketone 17 and an excess of al- 
dehyde in the presence of a catalytic amount of Sml 2 , 1,3-diol monoester 18 is ob- 
tained as a single compound in 99% yield [166] [Eq. (8)]. 



oh o 



PhCHO 




THF, Sml 2 (15%), 
-10 °C, 30-45 min 
17 ( 99% > 18 (antr.syn > 99:1 ) 



(8) 



The excellent level of and selectivity in the formation of the 1,3-diol monoester 
can be explained by transition state A shown in Scheme 9.1. 



>^ H V ph 

o„ o 



A 



Scheme 9.1 Transition state of the intramolecular Evans-Tishchenko 
reaction 



Other modifications of the Tishchenko reaction are also known, and catalytic cas- 
cade reactions are particularly interesting. Examples include combinations of Tish- 
chenko with aldol reactions in the presence of achiral [169] and chiral catalysts [170], 
Tishchenko/esterification sequences [171], tandem semipinacol rearrangement/Tish- 
chenko reactions [172] and couplings of vinyl esters with aldehydes [173]. 

9.2.2.2 Oxidative Aldehyde Rearrangements 

Dakin reactions 

On treatment with peroxides, aromatic aldehydes 19, and especially those containing 
hydroxyl or alkoxy groups, undergo oxidations to yield aryl formates 20 (Scheme 9.2, 
path a). This process, usually known as the Dakin reaction [174], occurs with sub- 
strates having electron-donating substituents on the aryl group (see also Section 
9.3.2.1). Since the phenol formyl esters 20 are easily hydrolyzed, they are often not 
isolated but converted directly into the corresponding phenols 21. The mechanism 
of the Dakin reaction involves a nucleophilc attack by the oxygen of a peroxy com- 
pound at the carbonyl carbon of the aldehyde to form Criegee intermediate B. Subse- 
quent migration of the aryl substituent affords products 20. If instead of the aryl 
group the hydride migrates (Scheme 9.2, path b), carboxylic acids 22 are formed. 

Peroxides are usually used to oxidize aldehydes to aryl formates. In the case of hy- 
droxy aldehydes, hydrogen peroxide under basic conditions is the most suitable oxi- 
dant [175]. With benzaldehydes and aromatic aldehydes bearing alkoxy groups, use 
of hydrogen peroxide catalyzed by selenium derivatives [176] or performance of the 
reaction under acidic conditions [177] gives better results. Peracids, and in particular 
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ROOH 
ArCHO ► Ar—H H 
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ArOCHO ArOH 
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ArC0 2 H 



path b 22 

^-OR 
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Scheme 9.2 Mechanism of the Dakin reaction 



m-chloroperbenzoic acid (m-CPBA) [178], have also been applied in the Dakin reac- 
tion [178, 179]. In addition, other oxidants such as percarbonate [180] and UHP 
(urea-hydrogen peroxide complex) [181] generate formate derivatives. 

Electron-rich heterocyclic aldehydes [182, 183] undergo the same type of reaction. 
Thus, 2-formylfuran 23 is converted into the corresponding unsaturated lactone 24 
in 69% yield by treatment with hydrogen peroxide and formic acid as shown in 
Eq.(9)[182]. 

--Y y-CHO 30% H 2 2 , HC0 2 H, CH 2 CI 2 -^/°v =s O 

/ — Na 2 S0 4 25 °C, 24 h / (9) 

Br (69%) Br 

23 24 

When reacted with peracids, primary aliphatic aldehydes are mainly oxidized to 
carboxylic acids. However, if the a-carbon is benzylic or branched, formate esters are 
also formed [184]. Furthermore, a heteroatom in the a-position of the aldehyde func- 
tion facilitates the formate ester synthesis [185]. 

Finally, a,P-unsaturated aldehydes are converted into vinyl formates, when treated 
with hydroperoxides [186]. Catalytic quantities of aryl diselenides catalyze this oxida- 
tion [Eq. (10)]. 

f\ H 2 Q 2i (o-Q 2 NC 6 H 4 Se) 2 (3 mol%) f\ 9 

O^^CHO CH 2 CI 2 25°C,24h " V^^O^H (10) 

25 < 53% > 26 

Thus, with bis-o-nitrophenyl diselenide as the catalyst, vinyl formate 26 is obtained 
in 53% yield starting from furane 25. No oxidation of the heterocycle or the double 
bond was observed [186]. 

Miscellaneous rearrangements 

Aldehydes can be converted into amides by a Schmidt rearrangement (see Schmidt 
reaction, under Section 9.3.2.2). This reaction is particularly interesting for the for- 
mation of sugar lactams [187]. When aldehydes are treated with a-azido alcohols in 
the presence of acid, the rearrangement yields cyclic imidates [188]. Nitriles can be 
obtained directly in high yields by reacting aldehydes with triazidochlorosilane [189]. 
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9.2.3 

Conversions of Aldehyde Derivatives into Carboxylic Acid Derivatives 

9.2.3.1 Acetals 

As described in Section 9.2.1, esters can be prepared from aldehydes by oxidation in 
the presence of alcohol. Although oxidative deprotections of acetals to give ketones 
are known [190, 191], acetals usually afford esters upon oxidation. Non-cyclic acetals 
are transformed into esters by several oxidants, such as trichloroisocyanuric acid 
[192], dioxirane [193], ozone [194], peracids [195] and Caro's acid [196]. In the case of 
cyclic acetals, the corresponding haloalkyl carboxylic ester [197] can be obtained by 
treatment of haloform derivatives and AIBN. Similarly, monoprotected diols are gen- 
erated by oxidative ring cleavage. This reaction has been performed with ozone [194], 
hydrogen peroxide [198], oxygen [199], nitrogen dioxide [200], electrophilic halogens 
[201], chromium derivatives [202], hypervalent iodide [95, 203], Oxone [204, 205], and 
triphenylmethyl carbenium tetrafluoroborate [206, 207]. The resulting diol monoe- 
sters are particularly interesting in sugar chemistry. For example, triphenylmethyl 
carbenium tetrafluoroborate has been used in the synthesis of hydroxy benzoate 28 
from benzylidene 27 as shown in Eq. (11) [207]. 



Me n'^" e 

J 1)Ph 3 C+BF 4 - J 

BnO^Y 2)NaHC0 3 Bn0 ^Y 

\,0 O 

Y (75%) V-Ph 

Ph o 

27 28 



(11) 



Catalytic systems based on palladium [208], ruthenium [209] and vanadium [210] 
complexes with tert-butyl hydroperoxide as oxidant or a cobalt catalyst under aerobic 
conditions [211] have also been applied in this reaction. In carbohydrate chemistry 
in particular [212] other cyclic acetals and cyclic hemi-acetals have been oxidized to 
the corresponding lactones with a plethora of oxidants. 

9.2.3.2 Nitrogen Derivatives 

Oxidations of nitrogen-containing compounds [213] derived from aldehydes and ke- 
tones have been reviewed. The most common products from aldimine oxidations are 
nitriles [214]. However, other compounds such as nitrile oxides [215], oxaziridines 
[205, 216] and formamides or amides stemming from a Beckmann rearrangement 
(see Beckmann reaction, under Section 9.3.2.2.) can also be formed. Furthermore, 
the initial aldehyde can be regenerated by oxidative deprotection [190, 217]. 

Imines 

Aldimines are oxidized to nitriles by a copper (II) catalyst and oxygen as oxidant 
[218] or by manganese dioxide [219]. Recently, the catalytic oxidation with nickel/cop- 
per formate in the presence of ammonium peroxodisulfate has been reported to give 
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nitriles in high yields [220]. Finally, formamides can be obtained by oxidative rearran- 
gement of imines [221]. 

Oxime derivatives 

Aldoximes are among the most suitable starting materials for the synthesis of ni- 
triles. A plethora of reagents [222-227] has been introduced for this Beckmann-type 
fragmentation (see Beckmann reaction, under Section 9.3.2.2). Among these are 
acetic anhydride [223], metal salts [224] or other metal catalysts [225], selenium diox- 
ide [226] and Burgess' reagent [227]. In the presence of halide derivatives [228] or 
metal salts [229] aldoximes can also be oxidized to nitrile oxides. 

Alternatively, the Beckmann rearrangement of aldoximes affords amides (see 
Beckmann reaction, under Section 9.3.2.2). Recent developments along these lines 
have been focused on utilizing Si0 2 at high temperature under microwave irradia- 
tion [230]. Furthermore, a one-pot amide synthesis using hydroxylamine in the pre- 
sence of A1 2 3 and sulfonic acid has been introduced [231]. 

Hydrazone derivatives 

Hydrazones stemming from aldehydes are easily converted into nitriles. For exam- 
ple, when treated with alkylating agents hydrazones form hydrazonium salts [232], 
which upon elimination give nitriles as the formally oxidized products. Alternatively, 
hydrazones can be oxidized directly, and for this reaction oxidants such as peracids 
[233], oxone [234] and dioxirane [235] were found to be effective. Finally, catalytic sys- 
tems based on combinations of hydrogen peroxide with metal catalysts [236] or sele- 
nium compounds [237] have been developed for this process. Other reactions along 
these lines include oxidations of monohydrazones giving diazo compounds [238] or 
nitrilimines [239] and conversions of vicinal dihydrazones into alkynes [240]. 

9.2.3.3 Miscellaneous Substrates 

Bisulfite adducts of aldehydes, RCH(OH)S0 3 Na, are conveniently oxidized to car- 
boxylic acid derivatives by treatment with a mixture of dimethylsulfoxide and acetic 
anhydride [241]. The important intermediate in this reaction is an a-ketosulfonate. 
Its sulfonate fragment can easily be displaced by nucleophiles such as water, alcohol 
or amine, giving the corresponding acids, esters, or amides, respectively. 

Oxidations of acyl anion equivalents allow a mild transformation of aldehydes into 
carboxylic acid derivatives [242-244]. 1,3-Dithianes, formed from aldehydes and 
1,3-propane-dithiol, are readily converted into their 2-lithio salts by treatment with 
an appropriate base. The reaction of these salts with dimethyl disulfide affords the 
corresponding ortho-thioformates [242]. Their alcoholysis in the presence of a mix- 
ture of mercuric chloride and mercuric oxide leads to the formation of esters in good 
yields [242]. Analogously, O-trimethylsilyl-protected cyanohydrins derived from alde- 
hydes can easily be deprotonated to give acyl anion equivalents. Upon treatment 
with N,N-dimethyl-0-(diphenylphosphinyl) -hydroxylamine they form tetrahedral in- 
termediates, which are readily hydrolyzed to give the corresponding amides [243]. 
This reaction is particularly valuable in the conversion of aromatic aldehydes, where 
good yields of amides have been achieved. In the same manner, a-aminonitriles are 
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oxidized directly in the presence of potassium tert-butylate and oxygen to afford 
amides in excellent yields at room temperature [244]. 

9.2.4 

Oxidative Decarboxylations of Aldehydes 

Aldehydes with branching at the a-position can easily be cleaved into ketones by dec- 
arboxylation in the presence of copper complexes and air [245, 246]. For example, in 
a pyridine/water medium at 70 °C for 4.5 h in the presence of a catalytic amount of 
CuCl 2 , isobutyraldehyde gives acetone in 75% yield [245]. This oxidative cleavage re- 
action has successfully been applied in the modification of lateral chains of steroids 
using a copper complex bearing a phenanthroline or bipyridine ligand [246]. Further- 
more, in an oxygen atmosphere a,(3-unsaturated aldehydes undergo an oxidative de- 
formylation, generating allylic peroxides, which are reduced by phosphines to afford 
alcohols [247]. 



9.3 

Oxidations of Ketones 

The focus of this section is on ketone oxidations leading to carboxylic acid deriva- 
tives. Firstly, cleavage reactions of ketones followed by oxidative rearrangements and 
more specific transformations will be discussed. Oxidations of ketones leading to 
compounds other than carboxylic acids such as oxidative deprotections [190] and oxi- 
dations of groups next to the carbonyl moiety [248] are not included. 

9.3.1 

Ketone Cleavage Reactions 

The direct oxidation of ketones to carboxylic acids usually implies a carbon-carbon 
bond cleavage [249]. Product mixtures are often obtained. However, for the prepara- 
tion of dicarboxylic acids from cyclic ketones this reaction has proven to be syntheti- 
cally very useful. 

9.3.1 .1 Simple Acyclic Ketones 

Open-chain alkanones and in particular those with methyl substituents are trans- 
formed into their corresponding carboxylic acids by treatment with hypohalite [250]. 
In this so-called haloform reaction, a-halo ketones are important intermediates. For 
example, by reaction with hypohalite, methyl ketone 29 is converted into a,a,a-trihalo 
ketone 30, which is easily hydrolyzed to give carboxylate 31 and haloform 32 [Eq. (12)]. 
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Haloform reactions are generally performed with halogens in the presence of hy- 
droxide [251] or directly with hypohalites [252]. Alternative methods affording car- 
boxylic acids from methyl ketones (or other enolizable substrates) include the aero- 
bic oxidation in the presence of a catalytic amount of dinitrobenzene [253] with a 
base in a dipolar aprotic solvent {such as DMF [254] or HMPT (hexamethylphospho- 
ric triamide) [255, 256]} and the use of stoichiometric quantities of hypervalent 
iodide derivatives [95, 257] or nitrosylpentacyanoferrate [258]. Furthermore, metal 
catalysts can be used, and systems such as tert-butyl hydroperoxide in the presence 
of rhenium oxide [259], oxygen in combination with a copper complex [260], hetero- 
polyacids [261] and Mn II /Co" systems [262] were found to be applicable. Finally, aryl 
ketones are selectively oxidized to aliphatic carboxylic acids by treatment with period- 
ate [81] in the presence of ruthenium trichloride [263]. 

9.3.1.2 Simple Cyclic Ketones 

The oxidation of cyclic ketones is particularly interesting, especially for the synthesis 
of dicarboxylic acids [264]. An industrially important process is the conversion of cy- 
clohexanone into adipic acid. When substituents are present in the a-position of the 
ketone, the cleavage generally occurs at the more hindered side. The carbon-carbon 
bond-breaking process of cyclic ketones can be mediated by a wide range of chro- 
mium [265] (see Chromium, under Section 9.2.1.2) and manganese reagents [266] 
(see Manganese, under Section 9.2.1.2). Other methods involve cerium salts [267] 
and potassium superoxide [268]. Reactions under haloform conditions [269] or elec- 
trochemical processes [270] have also been studied. Moreover, aerobic oxidations of 
cyclic ketones have been performed in alkali solution [254] or in the presence of me- 
tal catalysts [271-278] such as copper(II) derivatives [272], heteropolyanions [273], 
oxovanadium complexes [274], iron catalysts [275, 276] and carbonyl complexes of 
both rhodium [277] and rhenium [278]. The cleavage of cyclohexanones leads to keto 
acids [267, 272-275] or aldehydo acids [276] depending on the substrate and the reac- 
tion conditions. Furthermore, oximinocarboxylic esters are obtained by treatment of 
cyclic ketones with NOC1 in the presence of an alcohol in liquid S0 2 [279]. A modifi- 
cation of this procedure using LDA (lithium diisopropyl amide) in the presence of 
ethyl nitrite has been employed in the carbon-carbon bond-breaking process of bi- 
cyclic ketones [Eq. (13)] [279]. For example, 2-norbonanone (33) can be converted 
into cyclopentane derivative 34 in 46% yield. 



LDA, EtONO I \ 

THF, petroleum ether Et0 2 C V ^\= = N0H *- 13 -* 

° (46%) 

33 v ' 34 

In an alternative approach alkyl nitrite in the presence of a Lewis acid is utilized 
[280]. 

Halo carboxylic acids and esters are either obtained by cleavage of cyclic ketones by 
electrochemical methods using halide electrolytes [281] or by treatment of the sub- 
strates with an oxovanadium complex VO(OEt)Cl 2 in the presence of a halide donor 
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[282] [Eq. (14)]. Thus, according to the latter sequence, ethyl-5-bromo butanoate (36) 
was obtained in 60% yield from cyclobutanone 35 at room temperature after 13 h. 



d 




VO(OEt)CI 2 CBrCI 3 

E, 2 0,r.,,'l3h " "^^°* (14) 

35 (60%) 

9.3.1.3 Functionalized Ketones 

Cyclic ketones with functional groups at the a-position of the carbonyl moiety are ea- 
sily cleaved into the corresponding dicarbonyl compounds. The most commonly 
used substrates are oc-hydroxy ketones [283], a-diketones [284], a-halo [285], and a-ni- 
tro ketones [286]. 1,3-Diketones are oxidized to dicarboxylic acids, and in this case 
loss of one carbon atom has been observed [287]. Ketone derivatives are also cleaved. 
For example, ketoximes afford unsaturated nitrile derivatives by Beckmann fragmen- 
tation (see Beckmann reaction, under Section 9.3.2.2). 

9.3.2 

Oxidative Rearrangements of Ketones 

9.3.2.1 Baeyer-Villiger Reactions 

Introduction and mechanism 

More than a century ago Baeyer and Villiger discovered the rearrangement of ke- 
tones into esters or lactones [288]. The reaction has been used widely in organic 
synthesis, and many reagents and conditions have been discovered providing a solid 
basis for predictable applications [174] (see Dakin reactions, under Section 9.2.2.2). 
Criegee proposed a two-step mechanism, which is illustrated in Scheme 9.3 [289]. 
Firstly, peroxide 38 adds to the carbonyl moiety of ketone 37. This step is reversible 
and is followed by the rearrangement of the tetrahedral intermediate, the so-called 
Criegee adduct B (Scheme 9.3). The subsequent irreversible migration of one of the 
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Scheme 9.3 Criegee adduct B as an intermediate of the 
Baeyer-Villiger reaction 
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two ketonic substituents and the simultaneous cleavage of the O-O bond leads to es- 
ter 39 and acid 40 in a concerted manner. 

The rearrangement is regioselective with migration of the group that is best able 
to stabilize the developing positive charge [290]. Thus, the migration rate of ketonic 
groups normally decreases in the following order: quaternary > tertiary > secondary 
> cyclopropyl ^> methyl. Other parameters, such as donor heteroatoms in the a-posi- 
tion [291], (3-silyl or (3-stannyl groups [292], increase the migration rate. In contrast, 
electron-withdrawing groups, e.g., halogens, retard it. In transformations of some 
particular compounds, long-range substituent effects have been observed [293]. 
Since the migration of the substituent proceeds with retention of the configuration, 
the Baeyer-Villiger reaction is particularly attractive for the synthesis of optically ac- 
tive products [294]. 

The stereoelectronic components of the reaction have already been discussed 
above. For a long time it was assumed that the migrating group occupied an anti- 
periplanar position with respect to the dissociating oxygen-oxygen bond of the per- 
oxide (see representation B' in Scheme 9.3). Recent experimental studies confirmed 
this primary stereoelectronic effect (B') and revealed that it is indeed, at least in part, 
responsible for the selectivity of the migration step [295]. 

Reagents 

The choice of the oxidant is primordial, as it acts both as the nucleophile and the 
leaving group. A reactivity order of oxidants has been established [174]. Peracids and 
especially m-CPBA [296] are the most efficient oxidants for the Baeyer-Villiger reac- 
tion, followed by alkyl peroxides. The reaction with peracids proceeds faster under 
acid catalysis [297], but buffered solutions can also be used. Some ketones are un- 
reactive under standard conditions, and need to be transformed into their hemiketals 
[298]. Safer peracids such as MMPP (magnesium monoperphthalate) [299, 300] and 
sodium perborate [301] have also been applied giving similar results as m-CPBA. Re- 
cently, processes with solid-supported peracids [302] and transformations in the solid 
state [303] have been developed. 

Alkyl hydroperoxides and hydrogen peroxides, which are not reactive enough to 
promote the Baeyer-Villiger reactions, can only be used in combination with catalysts 
or in the presence of carboxylic acids to form the peracids in situ [304]. 

The Baeyer-Villiger reaction with molecular oxygen as the terminal oxidant in the 
presence of a sacrificial aldehyde is a synthetically interesting variant of the original 
protocol [305, 306]. Recently, it has been shown that this process can also be per- 
formed in supercritical carbon dioxide [307]. 

Acidic solvents, and particularly fluorinated alcohols, activate hydrogen peroxide, 
and even in the absence of a catalyst the rearrangement proceeds faster [308]. Other 
more uncommon non-metallic oxidants such as perhydrates [309] and TEMPO 
(2,2,6,6-tetramethylpiperidinyl-l-oxyl) in combination with sodium hypochlorite 
[309] have also been applied. 
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Activation by catalysts 

Metal catalysis can be used to increase the efficiency of Baeyer-Villiger reactions [310]. 
Such catalysis is of interest, since both steps of the Baeyer-Villiger reaction (cf. Scheme 
9.3) can be influenced. Either the carbonyl compound or the oxidant is activated to 
lead to a more efficient formation of B (first step), or the rearrangement (second step) 
is enhanced by supporting the decomposition of the Criegee adduct [311]. 

Along these lines, Mukaiyama and coworkers developed various catalytic systems, 
which utilize molecular oxygen as the oxidant and show high activity in Baeyer-Villi- 
ger reactions. Further components of these systems are a sacrificial aldehyde and a 
metal complex. The first generation catalysts were nickel complexes [312]. Later, 
other metal reagents based on iron [313], ruthenium and manganese oxides [314] or 
heteropolyoxometalates [315] were introduced. Furthermore, mesoporous catalysts 
have been applied [316]. Redox molecular sieves [317], hydrotalcites and titanosili- 
cates [318] were also found to catalyze the reaction by activation of hydrogen peroxide 
or oxygen. Corma followed another approach, in which the ketone and not the oxi- 
dant is activated by tin containing zeolites [319]. D FT calculations showed, however, 
that the rate enhancement could not be explained by a simple carbonyl activation 
provided by such catalysts alone [320]. Currently, Sn-MCM-41 is the most efficient 
heterogeneous catalyst in terms of TONs (turn over numbers). Alternatively, other 
Sn IV -containing catalysts can be used, some of which show a similar behaviour to 
Sn-MCM-41 [321]. 

Activation of hydrogen peroxide has been achieved by the use of methyltrioxorhe- 
nium (MTO) [322]. Strukul and coworkers employed cationic platinum complexes as 
catalysts and hydrogen peroxide as the oxidant in the conversion of cyclohexanones 
into caprolactones [323]. A niobiocene complex has been applied giving esters with a 
regioselectivity opposite to that generally observed [324]. Some supported platinum 
[325], nickel [326] and methyltrioxorhenium [327] catalysts have also been used in re- 
actions with hydrogen peroxide. 

Through the activation of the ketone, Baeyer-Villiger reactions can be accelerated 
by Lewis acids. A SnCl 4 /diamine system in combination with trimethylsilyl peroxide 
as oxidant gave good results with cyclobutanones [328]. By using a tin bis(per- 
fiuoroalkanesulfonyl)amide as catalyst, the reaction can be performed under fluor- 
ous biphasic conditions, allowing a complete recovery and reuse of the catalyst [329]. 
Metal triflates have also been applied in the presence of m-CPBA. While scandium 
triflate is not more efficient than trifiuoromethane sulfonic acid [330], bismuth tri- 
flate has the advantage of being recyclable and reusable in three catalytic runs with- 
out loss of activity [331]. 

Among the non-metallic catalytic systems for Baeyer-Villiger reactions [174], those 
with flavine-type catalysts are particularly interesting. Use of catalytic amounts 
(5 mol%) of flavine analogue 42 in the presence of hydrogen peroxide gave lactone 
41 with a yield of up to 90% from ketone 43 (Scheme 9.4) [332]. 

Aryl diselenides (see Selenium, under Section 9.2.1.4) in combination with hydro- 
gen peroxide are also attractive catalysts for Baeyer-Villiger reactions [333]. 
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Scheme 9.4 Oxidation of a bicyclic ketone by hydrogen peroxide 
catalyzed by a flavine analogue 



Asymmetric Baeyer-Villiger reactions 
Stoichiometric versions 

Two major substrate types have successfully been converted in asymmetric Baeyer- 
Villiger reactions employing stoichiometric quantities of chiral auxiliaries. Racemic 
bicyclic ketones lead to two regioisomeric optically active lactones by a stereodiver- 
gent process [334], and monocyclic meso-substrates are desymmetrized affording en- 
antioenriched lactones [335]. 

Thus, with regard to the reaction itself, three different approaches can be distin- 
guished. In the first, optically active lactones are obtained using chiral oxidants 
[336]. In the second, chiral ketone derivatives are applied [337]. An example of the 
latter type is shown in Eq. (15). The oxidation of ketal 45 in the presence of an excess 
of SnCl 4 and m-CPBA as oxidant gives lactone 46 in quantitative yield with 89% en- 
antiomeric excess (ee) [Eq. (15)] [337]. 
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The third approach involves the use of a chiral Lewis acid. For this purpose, a chi- 
rally modified zirconium complex has been developed. By using tert-butylhydroper- 
oxide as the oxidant and with a ligand combination of enantiopure BINOL and 
(achiral) 2,2'-biphenol a bicyclic cyclobutanone derivative was converted into the cor- 
responding lactones with an enantioselectivity up to 84% ee [338]. 



Catalytic versions 

In 1993, Bolm introduced chiral copper complex 49 and applied it in the first metal- 
catalyzed asymmetric Baeyer-Villiger reaction. Under Mukaiyama-type reaction con- 
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ditions using molecular oxygen as the oxidant and pivaldehyde as the co-reductant, 
the transformation of 2-aryl cyclohexanones into enantiomerically enriched caprolac- 
tones occurred with enantioselectivities of up to 65% ee [339]. Bicyclic cyclobutanone 
derivatives and meso-ketones were also suitable substrates [340]. The best result was 
achieved with tricyclic ketone 47, which was oxidized to lactone 48 with 91% ee in 
high yield [Eq. (16)]. 




(16) 



Other metal catalysts are also capable of performing asymmetric Baeyer-Villiger re- 
actions [341]. For example, Strukul and coworkers found a chiral diphosphine/plati- 
num system with high activity and good enantioselectivity [342]. Katsuki and cowor- 
kers investigated an analogous system and replaced platinum by palladium [343]. In 
this case, the reaction worked best with a chiral 2-(phosphinophenyl)-pyridine, 
which allowed lactones 46 and 48 to be obtained with 80 and >99% ee, respectively. 
It is worth noting that both Bolm's copper and Strukul's platinum catalyst are also 
applicable on substituted cyclic ketones other than cyclobutanones. Most systems de- 
veloped later required the high reactivity of the four-membered cycloalkanones to 
achieve efficient conversions. 

Diethyl zinc in combination with a chiral aminoalcohol and oxygen as oxidant af- 
forded lactone 46 with up to 32% ee in good yield from 3-phenylcyclobutanone (SO) 
[Eq. (17)] [344]. Applying the Sharpless/Katsuki titanium-based epoxidation system 
to related substrates gave products with both moderate enantioselectivities and 
yields [345]. 



various 



O 



chiral catalysts p V 

P'/ 

50 46 



(17) 

oxidant Ph' 



Currently, the most efficient catalysts in terms of activity and enantioselectivity are 
binaphthol- and salen-based systems. The former is exemplified by a combination of 
BINOL and magnesium iodide, which catalyzes the conversion of prochiral ketones 
into enantiomerically enriched lactones with up to 65% ee [346]. When BINOL deri- 
vatives are combined with organoaluminum reagents, enantioselectivities of up to 
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76% ee have been reached [347]. Use of a chiral oxidant did not improve the stereo- 
selectivity in this system any further [348]. 

Katsuki successfully applied two different metal salen complexes in asymmetric 
Baeyer-Villiger reactions. Cationic cobalt complex 51 catalyzes the reaction between 
cyclobutanone 50 and UHP as oxidant to give lactone 46 with 77% ee in 72% yield 
[349]. In the same transformation zirconium salen complex 52 affords the product 
with higher enantioselectivity (87% ee) (Scheme 9.5). Over 99% ee could be 
achieved in the conversion of tricyclic ketone 47 [350]. 




Scheme 9.5 Chiral catalysts used in asymmetric Baeyer-Villiger 
reactions 



Another approach towards asymmetric Baeyer-Villiger reactions involves the use 
of chiral diselenide 53 [351]. In combination with ytterbium triflate and hydrogen 
peroxide (30%) it forms a catalyst, which is able to produce lactone 46 from cyclobu- 
tanone 50 with 19% ee in up to 92% yield. 

Murahashi modified the flavine/hydroperoxide system developed by Furstoss and 
coworkers [332] and introduced a chiral bisflavine. Under appropriate reaction condi- 
tions lactone 46 was obtained with 74% ee in 70% yield [352]. 

Biocatalytic versions 

Among the various methods for performing asymmetric Baeyer-Villiger reactions, 
biocatalytic processes represent an interesting alternative. In enzymatic transforma- 
tions good activities and high enantioselectivities have been achieved with a number 
of substrates. Often, however, generalization problems still have to be dealt with [353]. 

9.3.2.2 Ketone Amidations 



Beckmann reaction 

The conversion of oximes, which are readily available from ketones, into amides is 
known as the Beckmann rearrangement [354]. This reaction has been used exten- 
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sively in organic synthesis [355] and can be considered as the nitrogen analogue of 
the Baeyer-Villiger rearrangement (Scheme 9.6). Firstly, the hydroxyl group of oxime 
C is transformed into a good leaving group (OA). Subsequently, migration of the 
and substituent of the heterocarbonyl group and simultaneous cleavage of the nitro- 
gen-oxygen bond of D occurs. The regioselectivity of the rearrangement is deter- 
mined by the configuration of the oxime. However, under isomerization conditions 
(D and D'), the migratory aptitude of the substituents and the stability of the oxime 
govern the selectivity of the reaction. In this case, aryl moities migrate more easily 
than alkyl groups and hydrogen. Certain substituents such as endocyclic vinyl 
groups do not migrate at all. 

A nitrilium ion E or an imidate derivative G is formed as an intermediate. Their 
hydrolysis leads either to the formation of amide H or, in the case of nitrilium ion E, 
to nitrile F by fragmentation and formal loss of a carbocation. Under particular con- 
ditions nitrilium salts E derived from special substrates can be isolated [356]. 
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Scheme 9.6 Mechanistic path of the Beckmann rearrangement 

Recently, ab initio calculations on the mechanism of the Beckmann rearrange- 
ment of various substrates have been performed [357]. 

The transformation of the oxime hydroxyl group into a better leaving group can be 
achieved by a plethora of reagents [355]. The most common way of achieving this re- 
action is to use a strong acid [355, 358]. Usually, however, this requires high tempera- 
ture. Other reagents such as montmorillonite K 10 [359], iminium salts [360], thionyl 
chloride [361], catalytic quantities of phosphorous (V) [362-364] in ionic liquids 
[364], phosphine with a halide source [365] and Lewis acids [366] are also effective. 
Recently, new methods have been developed involving a rhodium catalyst in the pre- 
sence of sulfonic acid [367], heterogeneous catalysts [368], supercritical water [369] 
and 2,4,6-trichloro[l,3,5]triazines (54) [370] in DMF at room temperature. In the last 
case, excellent yields have been achieved for a great variety of substrates. For exam- 
ple, use of 54 in the Beckmann rearrangement of acetophenone oxime (55) affords 
amide 56 in quantitative yield [Eq. (18)]. The active species in this reaction is believed 
to be a Vilsmeier-Haack type complex formed by reaction between triazine 54 and a 
molecule of DMF. 
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Another mild method for the activation of the oxime hydroxyl group consists in its 
conversion into an ester moiety or, more commonly, into a sulfonate derivative. They 
can be rearranged into amides under basic [371] or acidic [372] conditions also invol- 
ving Lewis acids [366]. Trimethylsilyl chloride [373] and chloroformate [374] in the 
presence of a Lewis acid can also be used. Amidines have been obtained by Beck- 
mann rearrangement of a tosyloxime in the presence of benzotriazol [375]. 

Recently, an environmentally friendly method has been developed starting from 
oxime carbamate derivatives [376]. They are diazotized by treatment with amyl nitrite 
in the presence of sulfuric acid and afford the corresponding amides with C0 2 and 
N 2 as the only byproducts. 

Finally, it was found that ketones can be used as starting materials directly. When 
treated with NH 2 -0-S0 3 H [377] or MSH (o-mesitylene sulfonyl hydroxylamine) [378] 
they efficiently rearrange to give amides. Other single-step procedures, which pro- 
mote both the formation of the oxime and its rearrangement, involve ZnO [379], 
silica supported NaHS0 4 [380] or alumina/CH 3 S0 3 H [231]. 

Depending on the reaction conditions, fragmentation rather than rearrangement 
can occur. Substrates with a quaternary [381] or a heteroatom-substituted carbon 
[382] as the potential migrating group as well as a-ketoximes [383] undergo this reac- 
tion. Ring-contraction by Beckmann type rearrangement has also been observed and 
leads to a-amino acid derivatives [384]. 

Progress has recently been made in cascade reactions. Use of aluminum reagents 
leads to the formation of nitrilium species, which add nucleophiles such as hydride 
[385], thiol [386] or cyanide [387]. Finally, cascade Friedel-Craft/Beckmann amidation 
reactions of electron-rich arenes have been developed. They involve reactions of car- 
boxylic acids and hydroxylamine in the presence of polyphosphoric acid [388]. 

Schmidt reaction 

Treatment of ketones with azide derivatives affords amides by a Schmidt reaction 
[389]. Its mechanism is similar to that of the Beckmann rearrangement. The key in- 
termediate is an iminodiazonium ion [390]. In transformations of bridged bicyclic 
ketones both the Schmidt and the Beckmann reaction are complementary [391] 
since inverse selectivities have been observed [392]. 

The Schmidt reaction can be performed intermolecularly using NaN 3 [393], 
TMSN 3 [394] or alkylazide [395]. With a hydroxyazide the corresponding imidate salt 
is obtained, which reacts with nucleophiles [396]. Reactions using alkylazide in the 
presence of TiCl 4 or a proton source have also been studied [397, 398]. Chiral mole- 
cules bearing a terminal azido group afford products with good diastereoselectivity 
[398]. An example of an intermolecular desymmetrization reaction [399, 400] is 



9. 3 Oxidations of Ketones 275 

shown in Eq. (19). Using (5-hydroxyazide 58 in the desymmetrization of ketone 57 
leads to hydroxy lactames 59 and 60 in a ratio of 7 : 93 [399]. 
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The Schmidt reaction has also been applied to silyl enol ethers, which furnish lac- 
tames on treatment with TMSN 3 and UV irradiation [401]. 

Cascade Diels-Alder/ Schmidt reactions [402] allow the synthesis of polycyclic com- 
pounds, which lead to useful precursors for the synthesis of natural products. Fi- 
nally, fragmentation reactions can occur, and in some cases the corresponding ni- 
triles are obtained [403]. 

9.3.2.3 Miscellaneous Rearrangements 

Aryl alkyl ketones 61 undergo oxidative rearrangement to a-arylalkanoic acids 62 
[Eq. (20)] [404], which are industrially important intermediates for the synthesis of 
compounds with anti-inflammatory properties. 
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The most common reagents used for this transformation are hypervalent main 
group oxidants such as thallium (I II) [405, 406], lead(IV) [407, 408] and hypervalent 
iodide(III) [95, 409]. In order to avoid any a-carbonyl oxidation the reaction is 
usually performed in the presence of an alcohol or a combination of trialkyl orthofor- 
mate and a strong acid to ensure rapid acetalization. However, depending on the re- 
action conditions, hydroxyacids can also be isolated as major products [410, 411]. 

A wide variety of ketones with both aryl and alkyl groups can be used in this reac- 
tion. Dialkyl ketones also react, but mixtures of carboxylic acids are generally ob- 
tained due to the similarity of the migratory aptitude of the alkyl groups. Functiona- 
lized ketones behave analogously. Thus, a-diazo ketones yield a-arylalkanoic acid de- 
rivatives in the presence of metal salts through the Wolff rearrangement [412, 413]. 
a-Hydroxy ketones are effectively converted when treated with DAST (diethylamino- 
sulfur trifluoride) [414]. In a similar manner, a-halo ketones are transformed into 
a-arylalkanoic acid derivatives in the presence of a base by the Favorskii rearrange- 
ment [415]. In this reaction zinc [416], thallium [417] and silver salts [418, 419] as 
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well as peracids (by oxidation) [420] and photochemical processes [421] are also ap- 
plicable. The use of enantioenriched a-bromoacetals leads to a stereospecific forma- 
tion of a-arylalkanoic acid derivatives [418]. The required a-halo ketones can be 
formed in situ by treatment of ketones with halide in the presence of alkoxide [422, 
423]. Sometimes, however, an electrochemical oxidation [423] is necessary. 

Selective migrations on addition of a base have also been achieved starting from 
a-chloro-a-sulfoxidyl ketones [424] or a-chloro-a-sulfonyl ketones [425]. In the latter 
case, enantiopure substrates lead to the formation of P-sulfonyl carboxylic acids with 
excellent enantiocontrol. a- Selenium derivatives are oxidized to a-arylalkanoic deri- 
vatives by peracids [426]. 

a,P-Unsaturated ketones can either be transferred into their a,y-unsaturated coun- 
terparts by treatment with Pb(OAc) 4 [407, 427] or to [5-hydroxyacid derivatives when re- 
acted with hypervalent iodine [95, 428]. Finally, a-hydroxy carboxylic acids are obtained 
from aryl a-diketones in a base mediated benzil-benzilic acid rearrangement [429]. 

9.3.3 

Willgerodt Reactions 

The Willgerodt reaction allows the transformation of a straight or branched aryl alkyl 
ketone into its corresponding amide and/or acid ammonium salt by heating the sub- 
strate in the presence of ammonium polysulfide [430]. Interestingly, the position of 
the carbonyl group in the ketone is irrelevant, and only terminal carboxylic acid deri- 
vatives are obtained. Unfortunately, the yield decreases dramatically with increasing 
chain length. The reaction can also be performed with aliphatic and unsaturated ke- 
tones, albeit the product yields are low. When sulfur, in combination with dry pri- 
mary or secondary amines, is used as the reagent, the reaction is called the Kindler 
modification of the Willgerodt reaction [431, 432]. In this case the product is a thioa- 
mide, which can easily be hydrolyzed to the corresponding carboxylic acid. The con- 
ditions have been optimized [432], and particularly good results have been obtained 
with morpholine as the amine component [433]. In addition, aliphatic ketones also 
react, as demonstrated by the example shown in Eq. (21). The Willgerodt- Kindler re- 
action of pentan-3-one (63) gives linear thioamide 64 in 53% yield. 



(21) 



Other variants of this reaction involve the use of HC1 salts of a volatile secondary 
amine in the presence of sodium acetate in DMF [434], dimethylammonium di- 
methylcarbamate [435] or catalysts [436]. Microwave irradiation leads to good yields 
of thioamide derivatives in short reaction times [437]. Transformations of dialde- 
hydes with secondary diamines in the presence of sulfur can be used for the synth- 
esis of polymers [438]. 
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The mechanism of the Willgerodt reaction is not entirely clear [439]. Most likely it 
does not proceed by a skeletal rearrangement, but involves a series of consecutive 
oxidations and reductions along the carbon chain. A thorough understanding of this 
reaction is still to be established. 



9.4 
Conclusions 

Oxidations of carbonyl compounds to carboxylic acid derivatives are essential and 
important tools in organic synthesis. Many methods are already mature and allow 
the desired transformations to be performed in a highly predictable and selective 
manner. Nevertheless, further improvements are required, in particular with respect 
to environmental issues and the use of oxidative transformations on a large indus- 
trial scale. Catalytic and asymmetric carbonyl oxidations have emerged but most of 
them still appear to be at a very basic stage. Particularly interesting discoveries have 
been made in reinvestigations of "old reactions" such as the Baeyer-Villiger, Canniz- 
zaro and Tishchenko reactions. They now take on a different appearance, which will 
make them even more attractive for application in the synthesis of complex organic 
molecules. For sure, the future will bring more of those exciting developments into 
oxidation chemistry. 
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Manganese-based Oxidation with Hydrogen Peroxide 

Jelle Brinksma, Johannes W. de Boer, Ronald Hage, and Ben L. Feringa 



10.1 
Introduction 

Oxidation reactions are among the most important transformations in synthetic 
chemistry [1] and offer important methodology for the introduction and modification 
of functional groups [2]. Currently used stoichiometric oxidations based on, for ex- 
ample, nitric acid, chromic acid and derivatives, alkyl hydroperoxides, permanga- 
nate, osmium tetraoxide, bleach and peracids frequently suffer from high costs, for- 
mation of toxic waste or low atom efficiency, providing a strong incentive to develop 
sustainable catalytic alternatives [3, 4]. 

Oxidations with molecular oxygen [5], the primary oxidant in biological systems 
[6], are desirable and are already used in large scale industrial processes [7], but prac- 
ticability is often hampered by low conversion, modest selectivity or safety issues as- 
sociated with peroxide build-up. Although both oxygen atoms of 2 can be trans- 
ferred in dioxygenation or singlet oxygen reactions, often stoichiometric amounts of 
a reducing agent are required to convert one of the oxygen atoms of 2 into water. 
Hydrogen peroxide is particularly attractive as it has a high active oxygen content 
(47%), gives H 2 as the only waste product and is relatively cheap. One of the pro- 
blems frequently encountered in metal-catalyzed oxidations with hydrogen peroxide 
is the concomitant decomposition of H 2 2 (catalase activity), which makes the use of 
a large excess of H 2 2 necessary to reach full conversion. Applications of H 2 2 , in 
particular metal-catalyzed [8] epoxidations [9], and green oxidations [4] have recently 
been reviewed. In this chapter an overview of Mn-catalyzed oxidations with H 2 2 is 
presented. 

KMn0 4 still occupies a position as an oxidant in nearly every introductory course 
on organic chemistry [10, 11]. In sharp contrast is the limited use of this oxidizing 
agent in the practice of synthetic chemistry and it is only in recent years that several 
discoveries have revealed the potential of manganese catalysts for selective oxida- 
tions. This evolved in part from studies on the structure and function of Mn-based 
redox enzymes [12]. Following a brief summary of biomimetic manganese systems, 
oxidative transformations with H 2 2 catalyzed by Mn-complexes are outlined. 
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10.2 

Biomimetic Manganese Oxidation Catalysis 

Manganese can frequently be found in the catalytic redox center of several enzymes 
[12] including superoxide dismutase [13], catalase [14] and the oxygen evolving com- 
plex photosystem II (PS II) [15]. Superoxide (0'2~), a harmful radical for living organ- 
isms, is the product of single electron reduction of oxygen [16]. Owing to the high toxi- 
city it needs to be converted into less reactive species. Superoxide dismutases are me- 
talloenzymes which catalyze the dismutation of the superoxide (0' 2 ~) to oxygen (0 2 ) 
and hydrogen peroxide (H 2 2 ) [17]. The latter product can be degraded by catalase en- 
zymes to water and oxygen (vide supra). Superoxide dismutase (SOD) enzymes can be 
classified into two major structural families: copper- zinc SOD and manganese or iron 
SOD [16, 18]. The active site of manganese SOD contains a mononuclear five-coordi- 
nate Mn m -ion bound to three histidines, one aspartate residue and one water or hy- 
droxide ligand. The mechanism of the catalytic conversion of superoxide into oxygen 
starts by binding of the superoxide radical anion to the Mn m -monomer leading to the 
reduction to Mn" and oxidation of superoxide into oxygen [13, 19]. Subsequently, the 
catalytic cycle is closed by binding of a second superoxide to the Mn"-ion resulting in 
the oxidation of Mn" and reduction of the superoxide anion to H 2 2 . 

In photosystem II (PS II), located in the thylakoid membrane of chloroplasts in green 
plants, algae and a number of cyanobacteria, two water molecules are oxidized to dioxy- 
gen [15]. PS II consists of light harvesting pigments, a water oxidation center (WOC), 
and electron transfer components [15]. Based on detailed spectroscopic analyses it has 
been recognized that a tetranuclear Mn-cluster is the active catalyst for the oxygen evolu- 
tion, and this structure has recently been confirmed by X-ray analysis of PS II [20]. How- 
ever, the exact mechanism of the water oxidation has not been elucidated so far. 

Catalases decompose H 2 2 to water and oxygen and these manganese enzymes 
have been isolated from three different bacteria: Lactobacillus plantarum [21], Ther- 
mus thermophilus [22], and Thermoleophilum album [14]. X-ray crystallographic struc- 
ture analysis [23] elucidated that these catalases contain a dinuclear manganese cen- 
ter. During the catalytic process the dinuclear manganese active site cycles between 
the Mn"- and Mn 2 "-oxidation states [24]. EPR [25], NMR [26] and UV-Vis [26a] spec- 
troscopic studies revealed that for the H 2 2 disproportionation both Mn 2 '- and 
Mn 2 n -oxidation states are involved [27]. The proposed catalase mechanism is de- 
picted in Scheme 10.1. Hydrogen peroxide decomposition is initiated by (a) the bind- 
ing of H 2 2 to the Mn" 1 -Mn 1 " dinuclear center, followed by (b) reduction to the 
Mn"-Mn" intermediate and concomitant oxidation of the peroxide to 2 [27, 28]. 
Subsequent binding of a second molecule of H 2 2 to the Mn"-Mn n species (c) ef- 
fects the reduction of H 2 2 to H 2 and results in the oxidation of the Mn"-Mn 11 spe- 
cies (d), the step that closes the catalytic cycle [13]. 

To gain insight into the mechanisms of these enzymes, a variety of Mn complexes 
that mimic the active site have been developed [28]. Dismukes and coworkers re- 
ported the first functional catalase model that exhibits high activity towards H 2 2 de- 
composition; even after turnover numbers of 1000, no loss of activity towards H 2 2 
decomposition was observed [29]. The dinuclear Mn'^complex is based on ligand 1 
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(Figure 10.1). EPR and UV-Vis spectroscopic investigations revealed that under con- 
ditions of H 2 2 decomposition, both Mn'"-Mn" 1 and Mn II -Mn 11 oxidation states are 
present, similar to those observed for the natural manganese catalase enzymes [28]. 

Sakiyama explored various dinuclear manganese complexes as catalase mimics 
derived from 2,6-bis{N-[(2-dimethylamino)ethyl]iminomethyl-4-methylphenolate} (2, 
Figure 10.1) and related ligands. Employing UV-Vis and MS techniques both mono- 
and di-Mn IV -oxo intermediates could be detected [30]. Notably, the proposed mechan- 
ism (Scheme 10.2) is different from that reported for the manganese catalases and 
model compounds containing ligand 1 [30]. 

Manganese complexes of 1,4,7-triazacyclononane (tacn) or l,4,7-trimethyl-l,4,7- 
triazacyclononane (3, tmtacn, Figure 10.1) were studied by Wieghardt as models for 
the oxygen evolving center of photosystem II as well as manganese catalase [31]. 
Turnover numbers of the H 2 2 decomposition as high as 1300 are readily reached 
[31 d]. More recently Krebs and Pecoraro used the tripodal bpia ligand (bpia = bis- 
(picolyl)(N-methylimidazol-2-yl)amine) as a Mn-catalase model system. Several Mn- 
complexes based on this ligand were found as structural mimics of the catalase enzy- 
me. Remarkably, the catalytic activity was found to be within 2-3 orders of magni- 
tude relative to the catalase enzyme [32]. Various manganese oxidation catalysts, 
which evolved from these systems, will be discussed in the following paragraphs. 
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Fig. 10.1 Ligands studied in manganese catalase mimics 
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10.3 

Bleaching Catalysis 

Bleaching processes in the paper industry and bleaching of stains on textiles through 
the use of detergents have been studied intensively and the oldest bleaching proce- 
dures for laundry cleaning employ H 2 2 and high temperatures [28]. Several cata- 
lysts have been investigated to attain lower bleaching temperatures of 40-60 °C or to 
achieve effective bleaching under ambient conditions [28, 33]. Manganese complexes 
based on l,4,7-trimethyl-l,4,7-triazacyclononane, that is [Mn 2 3 (tmtacn)2](PF 6 )2 4 
(Mn-tmtacn, Figure 10.2) were studied extensively by Unilever Research as bleach 
catalysts for stain removal at ambient temperatures [34]. Unfortunately, due to textile 
damage as a result of high oxidation activity, commercialization for laundry applica- 
tions was ceased [34]. 
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Fig. 10.2 Mn-tmtacn bleaching catalyst 



10.4 

Catalytic Epoxidation 

Epoxides are an important and extremely versatile class of organic compounds 
and the development of new methods for the selective epoxidation of alkenes con- 
tinues to be a major challenge [2, 9, 35]. The epoxidation of olefins can be 
achieved by applying a variety of oxidants including peroxycarboxylic acids [36], di- 
oxiranes [37], alkylhydroperoxides [38], hypochlorite [39], iodosylbenzene [39], oxy- 
gen [40] and hydrogen peroxide [9, 35 c, 38]. With a few exceptions, most of the 
oxidants have the disadvantage that in addition to the oxidized products, stoichio- 
metric amounts of waste products are formed, which have to be separated from 
the often sensitive epoxides. The use of H 2 2 in combination with Mn-complexes 
offers several advantages, including high reactivity of the catalytic system, 
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although the oxidant is often partially destroyed due to catalase type activity typi- 
cally associated with Mn-catalysis [28]. It should also be noted that unselective side 
reactions might occur after the homolytic cleavage of H 2 2 leading to hydroxyl ra- 
dicals [41]. 

10.4.1 

Manganese Porphyrin Catalysts 

Manganese porphyrins and several other metal porphyrin complexes, in particular 
Fe and Cr systems, have been studied intensively as catalysts in epoxidation reactions 
of alkenes [39, 40]. A variety of oxidants such as iodosylarenes, alkylhydroperoxides, 
peracids and hypochlorite in addition to H 2 2 were employed [39, 40]. The early por- 
phyrin-based catalysts often showed rapid deactivation, due to oxidative degradation 
of the ligand. Spectacular improvements in robustness and activity of catalysts for 
olefin epoxidation and hydroxylation of alkanes were obtained after the introduction 
of halogen substituents into the porphyrin ligands [42]. General disadvantages of 
manganese porphyrin-based epoxidation catalysts are the difficulty in preparing the 
ligands and the often tedious purification that is required. 

Initial attempts to use H 2 2 as oxidant for alkene epoxidation with porphyrin- 
based catalysts were unsuccessful due to dismutation of H 2 2 into H 2 and 2 , 
leading to a fast depletion of the oxidant. Introduction of bulky groups on the por- 
phyrin ligand allowed the use of aqueous H 2 2 , although only low conversions were 
obtained. Mansuy and coworkers demonstrated that the catalytic system could be im- 
proved greatly by performing the oxidation reaction in the presence of large amounts 
of imidazole [43, 44]. The role of imidazole is proposed to be two-fold: (a) acting as a 
stabilizing axial ligand and (b) to promote the formation of the Mn v =0 intermediate 
(the actual epoxidizing species) by heterolysis of Mn UI -OOH. This catalytic system 
provides epoxides in yields up to 99%. The amount of axial ligand could be signifi- 
cantly reduced by the addition of a catalytic amount of carboxylic acid [45]. Under 
two-phase reaction conditions with a small amount of benzoic acid, the oxidation re- 
action was dramatically accelerated and high conversions in less than 10 min at °C 
could be obtained (Scheme 10.3, Table 10.1) [45]. 

Carboxylic acids and nitrogen containing additives are considered to facilitate the 
heterolytic cleavage of the O-O bond in the manganese hydroperoxy intermediate, 
resulting in a catalytically active manganese (V)-oxo intermediate [46]. However, 
competing homolytic cleavage of the O-O bond leads to the formation of hydroxyl 
radicals and an unselective oxidation reaction, which is a serious problem when 
using H 2 2 in numerous metal-catalyzed oxidations [40]. The proposed catalytic 
epoxidation cycle of manganese porphyrin 5 starts with the conversion into the well 
established Mn v -oxo species (Scheme 10.4) [41a, 47]. Subsequently, the oxygen atom 
is transferred to the olefin via a concerted- (route a) or stepwise- (route b) pathway 
followed by release of the Mn IU -species and formation of the epoxide. In the step- 
wise route b, which involves a neutral carbon radical intermediate, rotation around 
the former double bond results in cis/trans isomerization leading to irans-epoxides 
when starting from cis-alkenes, as is observed experimentally [47]. 
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Scheme 10.3 Manganese porphyrin complex 5; 
an effective catalyst for epoxidation reactions 
with H 2 2 [45] 




Tab. 10.1 Oxidation of olefins with Mn porphyrin complex 5 [45] 
Substrate Conversion (%) 



Cyclooctene 


100 


Dodec-1-ene 


96 


a-Methylstyrene 


100 


cis-Stilbene 


90 


trans- Stilbene 





trans-4-Octene 


75 



Epoxide 


(%) 


Reaction time (min) 


100 




10 


92 




15 


100 




7 


85 {cis] 


I 


20 







300 


54 (trans) 


15 
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on 3 ant 




Scheme 10.4 The proposed catalytic epoxi- 
dation cycle: a, concerted pathway, b, stepwise 
pathway 
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Gradual improvement in the stereoselectivity of the oxidation of cis-stilbene was 
observed by increasing the number of P-halogen atoms at the porphyrin ligand, 
pointing to an enhanced preference for a concerted pathway. trons-Alkenes are poor 
substrates for these catalysts [45, 48]. 

Enhanced epoxidation rates were observed by using a modified Mn-porphyrin 
complex 6 in which the carboxylic acid and imidazole groups are both covalently 
linked to the ligand (Scheme 10.5) [49]. Employing 0.1 mol% of the Mn complex and 
2 equiv. of H 2 2 , cyclooctene was converted in only 3 min to the corresponding epox- 
ide with 100 % conversion and selectivity. Similar results were obtained for alkenes 
such as a-methylstyrene, p-chlorostyrene, a-pinene and camphene with turnover 
numbers up to 1000. The proposed mechanism is similar to oxidation reactions with 
porphyrin-based catalysts in the presence of the external co-catalysts imidazole and 
carboxylic acid, with a prominent role for the pending carboxylic acid group in the 
peroxide heterolysis (Scheme 10.5) [49]. 
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Scheme 10.5 Mn-porphyrin complex 6 with tethered carboxylate 
and imidazole groups, and their role in the proposed oxidation 
mechanism [49] 



Following the first report on asymmetric oxidation using a chiral metallopor- 
phyrin by Groves and Myers [50] a wide variety of porphyrin ligands linked to chiral 
appendages have been introduced [51]. Although high enantioselectivities were ob- 
served with iodosylbenzene as oxidant, the use of H 2 2 only resulted in moderate ee 
so far [52]. For a discussion of the ingenious chiral ligand designs and the stereoche- 
mical issues involved the reader is referred to a number of excellent reviews [51, 53]. 

The immobilization of homogeneous Mn-porphyrin epoxidation catalysts on silica 
to achieve easy catalyst recovery has been realized through anchoring of the por- 
phyrin ligand A [54] or the axial imidazole ligand B (Figure 10.3) [55]. The advan- 
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Fig. 10.3 Immobilized Mn-porphyrin epoxidation catalysts 



tages of the supported catalysts are lost to some extent due to reduced epoxidation ac- 
tivity compared with the homogeneous system. 

10.4.2 

Manganese-salen Catalysts 

Following the seminal report by Kochi and coworkers on the use of Mn-salen com- 
plexes as epoxidation catalysts [56], the groups of Jacobsen [57a] and Katsuki [57b] 
described a major breakthrough in Mn-catalyzed olefin epoxidation by the introduc- 
tion of a chiral diamine functionality in the salen ligand (Figure 10.4). 

Compared with chiral manganese porphyrin complexes [50], the use of the Mn- 
salen catalysts results generally in ee's higher than 90% and yields exceeding 80% 
[39, 58]. A wide range of oxidants including hypochlorite [58], iodosylbenzene [58], or 
m-chloroperbenzoic acid (m-CPBA) can be applied [59]. Excellent ee's are observed 
for epoxidation reactions of cis-disubstituted alkenes and trisubstituted alkenes cata- 
lyzed by the Mn-salen complexes 11 and 12, employing iodosylbenzene as the oxi- 
dant. In sharp contrast, the epoxidation of trans-olefms showed moderate selectiv- 



coo- 




11 



12 



Fig. 10.4 Chiral manganese complexes introduced by Jacobsen (11) 
and Katsuki (12, 13) for asymmetric epoxidation of unfunctionalized 
olefins 
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ities (ee <60%), however, the enantioselectivities could be improved by the introduc- 
tion of additional chiral groups at the 3,3'-positions of the phenolate part of the li- 
gand. For the conversion of trans-stilbene ee up to 80 % have been reported using 
these modified salen ligands [58]. 

The oxidizing species in this catalytic epoxidation is proposed to be an Mn v -oxo 
intermediate [59 d, e], similar to that in the Mn-porphyrin catalyzed epoxidation, as 
was confirmed by electrospray ionization mass spectrometry [60]. An extensive dis- 
cussion of the stereoselectivity, mechanism and scope of this asymmetric epoxida- 
tion [58] using the preferred oxidant iodosylbenzene is beyond the scope of this 
chapter, although several mechanistic features apply to the epoxidation with H 2 2 . 
Despite the fact that there is consensus on the nature of the active species (i.e., an 
Mn v -oxo intermediate), some controversy remains as to the exact way the enantiose- 
lection takes place. Three key issues can be distinguished: (1) the catalyst structure 
(i.e., if the salen ligand is planar, bent or twisted), (2) the trajectory of approach of 
the reacting alkene, and (3) the mode of oxygen transfer from the salen Mn v =0 to 
the alkene (involving a concerted pathway, a stepwise radical pathway or a metal- 
laoxetane intermediate) [39, 58, 61]. Cumulative experimental evidence indicates 
that, in addition to the catalyst structure being either planar or twisted, the substitu- 
ents at the C 2 -symmetric diimine bridge and bulky substituents at the 3,3'-positions 
play an important role in governing the trajectory of the side-on approach of the ole- 
fin, and as a consequence the asymmetric induction. With the five-membered che- 
late ring, comprising the ethylenediamine and the Mn v -ion, being non-planar, the 
approach of the olefin over the downwardly bent benzene ring of the salen ligand 
along one of the Mn-N bonds can be envisaged (Scheme 10.6). The largest substitu- 
ent of the alkene is then pointing away from the 3,3'-substituents and this governs 
the stereochemical outcome of the reaction between the Mn v -oxo intermediate and 
the alkene [58]. 

Although high ee's are obtained for a wide range of substrates, the stability of the 
Mn-salen complexes is often a severe problem and turnover numbers are usually in 
the range of 40-200. More recently, a robust salen catalyst was introduced by Katsuki 
[62] based on ligand 13 with a carboxylic acid functionality attached to the diamine 
bridge (Figure 10.4). With this new catalyst, 2,2-dimethylchromene was converted 
into the corresponding epoxide in 99% ee with iodosylbenzene as oxidant. Turnover 
numbers as high as 9200 after a 6 h reaction time were reached but results with 
H 2 2 as terminal oxidant have not been reported yet [62]. 
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Scheme 10.6 Model rationalizing the stereocontrol in Mn-salen 
epoxidation [58 c] 
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While iodosylbenzene and hypochlorite are the most common oxidants, consider- 
able effort has been devoted to the use of hydrogen peroxide in epoxidations with 
Mn-salen catalysts. Promising results have been reported for certain substrates (vide 
infra), although low turnover numbers (generally up to 20-50) were obtained with 
H 2 2 as the terminal oxidant for a limited range of substrates. Employing H 2 2 as 
oxidant, the manganese-salen systems were found to be only catalytically active in 
the presence of additives such as imidazole, or derivatives thereof, or carboxylates 
[41b, 63-65]. The role of these additives is considered to prevent O-O bond homoly- 
sis leading to radical pathways and destruction of the catalyst, as has been discussed 
for the Mn-porphyrin based catalysts (vide supra). 

Berkessel designed a chiral dihydrosalen ligand with a covalently attached imida- 
zole group. With this new salen complex (14) (Figure 10.5), 1,2-dihydronaphthalene 
was converted into the corresponding epoxide in 72% yield and with moderate ee 
(up to 64%; Table 10.2) using a dilute (1%) aqueous solution of H 2 2 as oxidant. An 
important feature of this system is that epoxidation reactions can be performed with- 
out the need for further additives [41b]. 

Using Mn-salen 15 together with N-mefhylimidazole as an axial ligand, Katsuki 
obtained up to 96% ee in the epoxidation of substituted chromene with 30% aqu- 
eous H 2 2 as oxidant, although the yield of the epoxide was only 17%. With an ex- 
cess of H 2 2 (10 equiv.) and an enhanced concentration of the reactants, the yield 
was increased to 98%, with only a slight drop in ee to 95 % (Table 10.2) [64]. It should 
be noted that, despite these excellent results, only a very limited number of sub- 
strates were tested (ee ranging from 88 to 98%). 

Pietikainen reported that in the presence of carboxylate salts, 30% aqueous H 2 2 
could be used as an oxidant for the asymmetric epoxidation with chiral Mn-salen cat- 
alysts (ee ranging from 64 to 96%, Table 10.2) [65 b]. Furthermore, it was shown that 
the use of in situ prepared peroxycarboxylic acids, from the corresponding anhy- 
drides and anhydrous H 2 2 , gives improved enantioselectivity in the epoxidation of 
alkenes if compared with the use of aqueous H 2 2 in the presence of a carboxylate 
salt [66]. In particular, good results are obtained with maleic anhydride and UHP 
(urea-H 2 2 ) in combination with the Mn m -salen complex 16a and NMO as additive. 
Although the number of substrates tested is again limited, in general 3-5 % higher 
enantioselectivities were obtained and the reaction time was shortened under these 
conditions. The use of urea-H 2 2 for Mn nl -salen catalyzed epoxidation of alkenes 
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Fig. 10.5 Chiral Mn-salen catalysts 
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Tab. 10.2 Epoxidation of olefins by Mn -salen complexes employing H 2 2 as oxidant 



Substrate 


Mn-salen 


Oxidant 
(equiv.j 


Epoxide 
yield (%) 


ee 
(%) 


Ref. 


CO 


14 


1% H 2 2 (10) 


72 


64 


[41b] 


CO 


16a 


30%H 2 O 2 (1.5) 


74 


69 


[66] 


CO 


16a 


urea. H 2 2 /maleic 
anhydride (1.5) 


70 


73 


[66] 


"y 


11 


30% H 2 2 (4) 


84 


96 


[65 b] 




15 


30% H-0 2 (1) 


17 


96 


[64] 




15 


30%H 2 O 2 (10) 


98 


95 


[64] 


°XCk 


16b 


urea.H 2 2 (2) 


>99 


>99 


[67 b] 



has also been described by Kureshy [67]. Moderate to excellent ee were reported for 
chromene derivatives (55-99%) using ammonium acetate as additive, although for 
styrene only 39% ee was obtained. 

10.4.3 

M n-1 ,4,7-triazacyclononane Catalysts 

The tridentate macrocycle ligand 1,4,7-triazacyclononane (tacn) and in particular 
complexes of l,4,7-trimethyl-l,4,7-triazacyclononane (3, Figure 10.1) such as 
[Mn 2 3 (tmtacn) 2 ](PF 6 ) 2 (4, Figure 10.2) have been studied extensively in oxidation 
chemistry [28, 31]. In combination with H 2 2 the dinuclear manganese complex 4 is 
a highly active and selective epoxidation catalyst [33, 68]. High turnover numbers 
(>400) were obtained using styrene and vinyl benzoic acid as substrates. In metha- 
nol-carbonate buffer solutions, conversions of 99% were reached without notable cat- 
alyst degradation [68]. The scope of the [Mn20 3 (tmtacn) 2 ](PF 6 )2 complex for epoxida- 
tion reactions was considerably enlarged by De Vos and Bein by performing the reac- 
tions in acetone as the solvent [69]. Although the procedure is not suitable for the 
epoxidation of electron-deficient olefins, high turnover numbers of up to 1000 have 
been reported for the conversion of various alkenes into the corresponding epoxides 
by an in situ prepared Mn-tmtacn complex using MnS0 4 as the manganese source 
(Table 10.3). For styrene, complete conversion with 98% epoxide selectivity is reached 
at °C in acetone with 2 equiv. of H 2 2 as oxidant (Scheme 10.7) [69]. 
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Scheme 10.7 Oxidation of styrene catalyzed by the manganese 
complex formed in situ in acetone [69] 



Tab. 10.3 Oxidation of selected olefins with Mn-tmtacn 



Substrate Turnover number" Selectivity (%) b 



Cyclohexene 


290 


87 


Styrene 


1000 


>98 


ris-2-Hexene 


540 


>98 


1-Hexene 


270 


>98 


trans- (3- Methylstyrene 


850 


90 



Turnover number in mole product/mole catalyst (after 3 h). Selectivity: moles of epoxide/moles of 
converted substrate. 



It has to be emphasized that no cleavage of the double bond is observed although 
some cis/trans isomerization occurs during oxidation of cis-alkenes. Furthermore, 
with alkenes such as cyclohexene only minor amounts of allylic oxidation products 
are found. 

Apart from high turnover, there is a need to develop catalytic systems which em- 
ploy H 2 2 very efficiently. As many Mn- or Fe-catalysts are known to induce decom- 
position of H 2 2 [28], often a large excess of H 2 2 is needed to reach full conversion. 
A reduction in catalase activity is indeed possible by performing the oxidation reac- 
tions in acetone at sub-ambient temperatures. In contrast, the use of other solvents 
results in severe decomposition of the oxidant. The oxidation characteristics of the 
Mn-tmtacn complex in acetone were explained by a mechanism involving the nu- 
cleophilic addition of H 2 2 to acetone, resulting in the formation of 2-hydroperoxy- 
2-hydroxypropane (hhpp, 17) as depicted in Scheme 10.8 [70]. Most probably, due to 
the reduction of the H 2 2 concentration in acetone, the epoxidation reaction is fa- 
vored over oxidant decomposition. It is proposed that at low temperature hhpp is ser- 
ving as an oxidant reservoir, which gradually releases H 2 2 maintaining a low oxi- 
dant concentration [69 b], although direct involvement of 17 in the epoxidation path- 
way cannot be excluded. 

Unfortunately the combination of acetone and H 2 2 can also result in the forma- 
tion of explosive cyclic peroxides and therefore this solvent is not acceptable for in- 
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HO OOH 



17 (hhpp) 
Scheme 10.8 Reaction of acetone with H 2 2 
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dustrial applications involving H 2 2 . Hydrogen peroxide decomposition by Mn- 
tmtacn complexes in CH 3 CN as the solvent can also effectively be suppressed by ad- 
dition of oxalate [71] or ascorbic acid [72] as co-catalysts. Greatly enhanced epoxida- 
tion activity of the in situ prepared Mn-tmtacn complex is observed after addition of 
a catalytic amount of oxalate buffer [71]. In general, full conversion is reached with 
less than 1 mol% of the catalysts in 1 h. Besides oxalic acid, several other bi- or poly- 
dentate ligands such as diketones or diacids in combination with Mn-tmtacn and 
H 2 2 favor olefin epoxidation over oxidant decomposition [71]. Employing this 
mixed catalytic system, allylic olefins (e.g., allyl acetate) and particularly terminal 
olefins (e.g., 1-hexene, see Scheme 10.9 and Table 10.4) are converted into the cor- 
responding epoxides in high yields with only 1.5 equiv. of H 2 2 [71]. 

In addition to the efficient use of oxidant, the isomerization of cis- and trans-al- 
kenes is greatly reduced in the presence of the oxalate buffer. The epoxidation of 
2-hexene was found to be completely stereospecific (>98%) using only 1.5 equiv. of 
the oxidant. Compared with the method using acetone as solvent [69], in which the 
Mn-tmtacn catalyst produced as much as 34% trans-epoxide starting from cis-2-hex- 
ene, the system based on the oxalate buffer represents a significant improvement. 



0.1 mol% MnS0 4 .H 2 

0.15 mol% tmtacn 
>■ 

0.3 mol% oxalate buffer 
1.5eq.H 2 2 (35%aq.) 
MeCN, °C 



Scheme 10.9 Selective epoxidation of 1-hexene by Mn-tmtacn using 
H 2 2 in the presence of an oxalate buffer 



Tab. 10.4 Representative examples of epoxidation of terminal and deactivated olefins with the 
Mn-tmtacn/oxalate system [71] 



Substrate 



Epoxide yield (%) 


Epoxide set 


>99 


>99 


35 


>98 (trans) 


72 


>98 (cis) 


83 


92 


66 


96 


55 


94 



91 



89 



91 (diepoxide) 
8 (mono) 



"Selectivity: moles of epoxide/moles of converted substrate. 
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Furthermore, various functional groups, for example, CH 2 OH, CH 2 OR, COR, C0 2 R, 
including electron withdrawing groups, are tolerated. Despite the high reactivity of 
the catalytic system, epoxidation is preferred over alcohol oxidation in the case of ole- 
fins bearing alcohol moieties. This procedure is also suitable for the oxidation of 
dienes resulting in bis-epoxidation. For example, 4-vinylcyclohexene gives the corre- 
sponding diepoxide. 

Although the precise role of the oxalate co-catalyst is not known to date, the forma- 
tion of a Mn-tmtacn/oxalate species (18, Figure 10.6) [73], related to known Cu 2+ - 
and Cr 3+ -structures [74], was proposed. It has been suggested that the addition of a 
catalytic amount of the bidentate oxalate impedes the formation of /i-peroxo-bridged 
dimers 19 and as a result the catalase type decomposition of H 2 2 , often associated 
with dinuclear complexes, is suppressed [28]. 

~f + 1 2+ 
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Fig. 10.6 Mn-tmtacn and proposed structures for Mn-tmtacn/oxalate 
oxidation catalyst (X = activated "O" to be transferred [73] 



Additives such as ascorbic acid (21, Scheme 10.10) or squaric acid result in a 
further improvement of the epoxidation with H 2 2 , catalyzed by the Mn-tmtacn 
complex. A limited number of substrates have been studied so far but nearly quanti- 
tative yields of epoxides with retention of the olefin configuration were found em- 
ploying catalyst loadings of only 0.03 mol%. Electron-deficient methyl acrylate and 
the terminal olefin 1-octene were also converted into the corresponding epoxides 
with yields of 97% and 83%, respectively. A typical oxidation is shown in Scheme 
10.10. The exact role of ascorbic acid as co-catalyst remains unclear, but the H 2 2 ef- 
ficiency with this Mn catalytic system is one of the highest reported so far. 



q 0.03 mol% Mn(OAc) 2 .4H 2 q 

0.04 mol% tmtacn 



CH 3 ^^ 0.2 - 0.3 mol% 21 CH3O' 

2 equiv. H 2 2 (30% aq.) 
2 MeCN, 0°C 

97% 




21 

Scheme 10.10 Epoxidation in the presence of ascorbic acid (21) 
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Despite the fact that the additive 21 is chiral, enantioselectivity in the epoxidation 
is not observed [72]. However, enantiomerically enriched epoxides have been ob- 
tained with manganese complexes based on chiral analogues of the tmtacn ligand 
(Figure 10.7) [75, 76]. Beller and Bolm reported the first asymmetric epoxidation re- 
action catalyzed by in situ prepared Mn catalysts from N-substituted chiral tacn li- 
gands [75 a]. The chirality was introduced via alkylation of the secondary amine moi- 
eties to generate the C 3 -symmetric ligands depicted in Figure 10.7. 




Me /Pr 




22 23 

Fig. 10.7 C 3 -symmetric chiral ligands 

Using H 2 2 as the oxidant and the Mn complex based on ligand 22, styrene was 
converted into the corresponding epoxide with an ee of 43%, although only 15% 
yield was achieved after 5 h. Using longer reaction times, higher temperatures and 
higher catalyst loadings, the yield was increased but simultaneously the ee decreased 
[75 a]. Employing the sterically more demanding ligand 23, ee's in the range of 13- 
38% were observed for styrene and chromene. Higher ee's were achieved with cis-fi- 
methylstyrene as the substrate. The traws-epoxide was found as the major product 
with 55% ee whereas the cis-epoxide was produced as the minor product with an ee 
of 13% (Scheme 10.11). 



3 mol% Mn(OAc) 2 .4H 2 
4.5 mol% ligand 23 

^ 

2 equiv. H 2 2 (aq. 30%) 
MeOH, 0°C 





Scheme 10.11 Asymmetric epoxidation with the Mn complex of 
ligand 23 



An enantiopure C 3 -symmetric trispyrrolidine-l,4,7-triazacyclononane ligand 24 
was recently introduced (Figure 10.8) [75 d]. The tacn derivative was obtained by re- 
duction of an L-proline derived cyclotripeptide and the corresponding dinuclear 
manganese complex was applied in the catalytic enantioselective epoxidation of vi- 
nylarenes with H 2 2 as the oxidant. For the epoxidation of styrene, 3-nitrostyrene 
and 4-chlorostyrene, excellent conversions (up to 88%) and ee up to 30% were 
found [75 d]. 
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Fig. 10.8 Chiral tmtacn ligands 

Besides the chiral C 3 - and Ci-symmetric ligands, C 2 -symnietric tacn analogues 
have been used (Figure 10.8) [75]. So far modest enantioselectivity has been obtained 
but the potential of these tmtacn analogues by further fine-tuning of the chiral li- 
gand structure is evident. 

Various successful attempts to improve the catalyst selectivity have been made by 
encapsulation of the Mn-tmtacn complex in zeolites [77]. Immobilization of the tria- 
zacyclononane ligand on an inorganic support resulted in a new class of heteroge- 
neous manganese catalysts with increased epoxidation selectivity [78]. The conver- 
sions were usually lower than with the homogenous catalysts [78]. 

Little is known about the mechanism or the exact nature of the active intermedi- 
ates in the oxidations with Mn-tmtacn. High-valent manganese, mono- or dinuclear 
manganese-oxo species as well as radical intermediates may be involved. During the 
oxidation reactions an induction period is often observed, indicating that the original 
[Mn 2 3 (tmtacn) 2 ](PF 6 ) 2 complex has first to be converted into a catalytically active 
species. It was reported that the catalytic activity of Mn-tmtacn was significantly in- 
creased when it was pre-treated with an excess of H 2 2 prior to the addition of the 
substrate (in the case of benzyl alcohol oxidation) [79]. From the 16-line spectrum ob- 
tained by electron paramagnetic resonance spectroscopy (EPR) measurements it was 
inferred that the Mn IV -Mn IV dimer was instantaneously reduced by H 2 2 to a dinuc- 
lear Mn'"-Mn lv mixed-valent species in acetone. This mixed-valent species gradually 
changes to a Mn"-species. EPR studies of the catalysts under comparable catalytic 
oxidation conditions using alkenes as substrates instead of alcohols showed again 
the mixed-valence Mn ln -Mn IV dimer [33 a, 69]. Based on EPR data similar manga- 
nese species were identified during related phenol oxidation experiments [80]. Bar- 
ton proposed the formation of an Mn v =0 intermediate during the oxidation of 2,6- 
di-tert-butylphenol with Mn-tmtacn and H 2 2 [81]. In electrospray mass spectrome- 
try (ES-MS) experiments the mononuclear Mn v =0 species could indeed be assigned 
[82]. This species was also generated in oxidation reactions using a mononuclear 
Mn IV -complex [68 a] and from an in situ prepared Mn n -complex using MnS0 4 and 
free tmtacn ligand. Further studies are necessary to firmly establish the actual cata- 
lyst. 
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10.4.4 

Miscellaneous Catalysts 

A drawback associated with the l,4,7-trimethyl-l,4,7-triazacyclononane based catalyst 
is the often tedious procedure to achieve modifications of the ligand structure [83]. 
Furthermore, the sensitivity of the corresponding manganese complexes to changes 
in the original tmtacn structure often leads to completely inactive complexes. In 
view of the excellent catalytic activity of the Mn-tmtacn systems, a major challenge is 
therefore the design of novel dinucleating ligands, featuring the three N-donor set 
(as for the tmtacn ligand) for each manganese site [84], retaining the high oxidation 
activity. 

Recently, high epoxidation activity was found for manganese complexes based on 
the dinucleating ligand N,N,N', N-tetrakis(2-pyridylmethyl)-l,3-propanediamine 
(tptn) [85]. The ligand contains a three-carbon spacer between the three N-donor 
sets. This type of ligand is readily accessible and easy modification of the ligand 
structure is achieved. Complexes of this type have also been reported as mimics for 
PS II [86]. 

The complex 27 [Mn 2 0(OAc) 2 tptn] is able to catalyze the oxidation of various al- 
kenes including styrene, cyclohexene and trans-2-octene to the corresponding epox- 
ides in good yields and turnovers of up to 870 (Scheme 10.12). In sharp contrast, 
complex 28 (Scheme 10.12) based on tpen, featuring a two-carbon spacer between 
the three N-donor sets in the ligand, was not reactive in epoxidation reactions [85]. 



Mn catalyst 27 (0.1 mol%) 
H 2 2 (aq. 30%) 



O 
t.o.n. (87%) 



Mn catalysts: 





(CI0 4 ) 2 



Scheme 10.12 Epoxidation with Mn-tptn catalyst and structures of 
manganese complexes 



(CI0 4 ) 2 



High selectivity was observed in the epoxidation reaction of cyclic alkenes (espe- 
cially cyclohexene) with the important feature that apart from the epoxides no allylic 
oxidation products were found. Excellent results are also found for internal alkenes, 
such as, trans-2-octene and traws-4-octene, whereas terminal linear alkenes give 
slightly lower yields. The oxidation of cis- P-methylstyrene with H 2 2 in the presence 
of Mn 2 0(OAc) 2 tptn catalyst 27 also provides, in addition to the corresponding cis-ep- 
oxide, a considerable amount of trans-epoxide. Cis/ trans isomerization has frequently 
been observed in mechanistic studies using porphyrin and manganese-salen cata- 
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lysts and is usually attributed to the formation of a radical intermediate (a, Scheme 
10.13), with a lifetime sufficient for internal rotation before ring closure via reaction 
path B, providing the thermodynamically more stable trons-epoxide (b) [86]. In case 
of a fast collapse of the radical intermediate (via reaction path A), retention of config- 
uration will be observed. The Mn-tptn based catalyst provides a viable alternative to 
the Mn-tmtacn and Mn-salen systems with high activity for epoxidation and the dis- 
tinct advantage that ligand variation for further catalyst fine-tuning is readily accom- 
plished. 
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Scheme 10.13 Radical pathways to epoxides 



A remarkably simple and effective Mn-based epoxidation system, using 
1.0-0.1 mol% of MnS0 4 , no ligands and 30% aqueous H 2 2 as the oxidant in the 
presence of bicarbonate, was introduced by Burgess [9, 87]. Bicarbonate and H 2 2 
form the actual oxidant peroxy monocarbonate (Scheme 10.14), which is proposed to 
react with the Mn-ion to generate the active epoxidation complex, as was supported 
by EPR studies [87, 88]. 



pH 8.0 




H,0, 



HCO,' 



HCO/ 



H-,0 




Scheme 10.14 MnS0 4 catalyzed epo- 
xidation with bicarbonate/hydrogen 
peroxide [9] 
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A variety of cyclic alkenes and aryl- and trialkyl-substituted alkenes are converted 
into the epoxides in high yields using 10 equiv. of H 2 2 . Monoalkyl alkenes were un- 
reactive with this system. A variety of additives were tested to increase the H 2 2 effi- 
ciency by enhancing the activity for epoxidation and suppressing H 2 2 decomposi- 
tion. The use of 6 mol% of sodium acetate in 'BuOH or 4 mol% of salicylic acid in 
DMF as the solvent resulted in an improved epoxidation system with higher epoxide 
yields, decreased reaction times and lower amounts of H 2 2 (5 equiv.) required 
(Table 10.5) [87]. 

This ligand free epoxidation system has attractive features in particular in the con- 
text of the development of green oxidation procedures [3]. The Mn-salt/bicarbonate 



Tab. 10.5 Epoxidation of alkenes using MnS0 4 /salicylic acid catalyst [87 b] 

I i I mor/o ivinau 4 □ 

.R 1 



1 mol% MnS0 4 
4 mol% salicylic acid 



R J - 



R' 



R 



2 0.2 M pH 8.0, NaHC0 3 buffer 



R 1 



R' 



Alkene 



Epoxide 



Equiv. H 2 2 



Yield (%) 



2.8 



96 



89 





91 



97 




95 



95 



"Pr 



25 



75 



25 



75 a 



Approximately 1 : 1 cis/trans mixture. 
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system is also catalytically active in ionic liquids. Epoxidation of various alkenes with 
30% aqueous H 2 2 can be accomplished with a catalytic amount of MnS0 4 in com- 
bination with TMAHC (tetramethylammonium hydrogen carbonate) in the ionic 
liquid [bmim][BF 4 ] (l-butyl-3-methylimidazolium tetrafluoroborate). Moderate to ex- 
cellent yields are obtained for internal alkenes and the ionic liquid can be reused at 
least 10 times when fresh amounts of the Mn-salt and bicarbonate are added [89]. 



10.5 

cis- Di hydroxy lation 

Dihydroxylation is an important synthetic transformation and several reagents can 
be used for the addition of two hydroxyl groups to an alkene. Both Os0 4 and alkaline 
KMn0 4 are suitable for cis-dihydroxylation [1, 11], but the catalytic version of the 
Os0 4 method using 2 [90], H 2 2 [91], or other oxidants [92], is the method of choice 
for this transformation [93]. The introduction of the highly enantioselective Os0 4 
catalyzed dihydroxylation by Sharpless and the extensive use in synthetic chemistry 
in recent years has provided ample demonstration of the key role of this oxidation re- 
action [94]. The toxicity of Os0 4 and the stoichiometric nature of the KMn0 4 dihy- 
droxylation, which usually provides only modest yields of diols, are strong incentives 
for the development of catalytic Mn- or Fe-based dihydroxylation reactions with 
H 2 2 [95]. The high reactivity associated with Mn-systems is an important issue as 
over-oxidation of the diol product is frequently observed. 

During alkene oxidation with a new heterogenized Mn-tmtacn system, De Vos 
and Jacobs [73] found that substantial amounts of cis-diol are formed in addition to 
the expected epoxide. The heterogenization procedure of the tacn ligand started with 
the conversion of dimethyl tacn (dmtacn, 29, Figure 10.9) into the silylated com- 
pound 30 with 3-(glycidyloxy)propyltrimethoxysilane followed by immobilization on 
an Si0 2 surface and subsequent metalation of the new heterogenized ligand with 
MnS0 4 .H 2 [73]. 

In oxidation reactions with 31, H 2 2 as the oxidant and CH 3 CN as the solvent, al- 
kenes, were converted into the corresponding cis-diols. The catalyst activity with res- 
pect to cis-diol formation is still modest (10-60 mol cis-diol per mol Mn) and epox- 
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Fig. 10.9 Structures of dmtacn (29), heterogenized ligand 30 and the 
proposed active complex 31 (X = activated "O" to be transferred) [73] 
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ides are the major products. In the oxidation of internal alkenes, as for 2-hexene, 
only a slight loss of configuration was found both for epoxide and cis-diol. Control ex- 
periments with dmtacn 29 showed severe peroxide decomposition and no oxidation 
products were obtained. A sufficiently long-lived mononuclear complex 31 was pos- 
tulated as the active species for both epoxidation and cis-dihydroxylation. This com- 
plex contains cis-coordination sites for labile ligands (e. g., H 2 and X), and both oxy- 
gen atoms from H 2 and X (the activated oxygen) are proposed to be transferred to 
the olefin to produce the cis-diol [73]. 

Recently, greatly enhanced cis-dihydroxylation activity was observed using 
[Mn 2 3 (tmtacn) 2 ](PF 6 ) 2 4 (Figure 10.2) in the combination with glyoxylic acid methyl- 
ester methyl hemiacetal (gmha 32, Scheme 10.15) [96]. 



0.1 mol% Mn-tmtacn (4) 



25 mol% gmha (32) 
1.3 equiv. H 2 2 (aq. 50%) 
MeCN 





OCH 3 

gmha= HC^C0 2 CH3 
32 

Scheme 10.15 Improved dihydroxylation in the presence of glyoxylic 
acid methylester methyl hemiacetals [96] 



This mixed Mn-tmtacn/activated carbonyl system resulted in a highly active and 
H 2 2 efficient catalyst for the epoxidation of olefins as well as the first homoge- 
neous Mn-based catalytic cis-dihydroxylation system with H 2 2 . Catalytic oxidations 
were performed by slow addition of aqueous, 50% H 2 2 (1.3 equiv. with respect to 
the substrate) to a mixture of alkene, Mn-tmtacn catalyst (0.1 mol%), and gmha 
(25 mol%) in CH 3 CN at °C. Under these reaction conditions high conversions are 
reached whereas only 30% excess of oxidant with respect to substrate is needed 
(Table 10.6). The H 2 2 efficiency is dramatically improved compared with previous 
Mn based systems [85]. In most cases the conversions were also significantly 
higher than those obtained with oxalate as co-catalyst using 1.3 equiv. of H 2 2 . 
Substantial amounts of cis-diols are formed and the epoxide/cis-diol ratio depends 
strongly on the alkene structure. The highest amount of cis-diol was found for cy- 
clooctene (Scheme 10.15), which afforded the cis-diol as the main product (42%, 
420 TON). Minor amounts of 2-hydroxycyclooctanone were observed due to over- 
oxidation of the diol. The ring size of cycloalkenes has a profound influence on the 
epoxide/cis-diol ratio. For cyclic olefins, almost no trans-diol could be detected (ratio 
cis-diol/iraws-diol >99.5/0.5). Cis-diol formation is also observed for aliphatic acyclic 
alkenes. Yields of diol are significantly lower for trans-2 -hexene than from cis-2-hex- 
ene, but the epoxide/cis-diol ratio was similar for both substrates. The aryl-substi- 
tuted alkenes yield almost exclusively epoxide under these conditions. No diols 
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Tab. 10.6 c/s-Dihydroxylation and epoxidation of selected olefins by H 2 2 with Mn-tmtacn/gmha 
catalyst [96] 



Substrate 


Conversion 


Product 


Turnover number 




(%) 




(TON)" 


Cyclopentene 


97 


epoxide 


610 






cis-diol 


260 






cyclopentenone 


80 


Cyclohexene 


88 


epoxide 


590 






cis-diol 


90 






2 -cyclohexenone 


80 


Cyclooctene 


90 


epoxide 


360 






cis-diol 


420 






2-HO-cyclooctanone 


220 


Norbornylene 


95 


exo epoxide 


540 






esco-cis-diol 


180 


trans-2-Hexene 


77 


trans-epoxide 


210 






cis-epoxide 


50 






RR/SS-diol 


150 






RS/SR-diol 





cis-2-Hexene 


93 


cis-epoxide 


450 






trans-epoxide 


40 






SR/RS-diol 


280 






RR/SS-diol 


10 


cis-Stilbene 


82 


cis-epoxide 


260 






trans-epoxide 


200 






meso-hydrobenzoin 


40 






hydrobenzoin 


40 


Styrene 


97 


epoxide 


860 






Ph(CH)(OH)CH 2 OH 


60 






PhC(0)CH 2 OH 


10 



TON in mole product/mole catalyst (after 7 h) 



were formed on replacing the substrate with the corresponding epoxide, excluding 
epoxide hydrolysis. 

Since cis-diol formation through Mn catalyzed epoxide hydrolysis can be excluded, 
it is proposed that the cis-diols are formed by reaction of the alkene with an Mn oxo- 
hydroxo species. As in the case of oxalate, activated carbonyl compounds such as 
gmha [97] might break down the catalase active dinuclear Mn complex 4 (Fig- 
ure 10.2) [28] into a mononuclear Mn species via complexation to the Mn center. Cis- 
diol formation from an Mn oxo-hydroxo species with a coordinated hydrated carbo- 
nyl ligand could be induced through a hydrogen bonded 6-membered ring transition 
state (concerted pathway, Scheme 10.16). Reoxidation of the Mn center by H 2 2 , re- 
lease of the diol from Mn, and hydration of the carbonyl compound closes the cataly- 
tic cycle. The use of activated carbonyl compounds in combination with Mn-tmtacn 
not only provides a highly active (up to 860 TON) and H 2 2 efficient epoxidation sys- 
tem (vide supra) but also the most active Os-free homogeneous catalyst for cis-dihy- 
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Scheme 10.16 Proposed ds-dihydroxyla- 
tion mechanism (L = tmtacn, X = C0 2 Me) 



+ H 2 



droxylation (up to 420 TON). Owing to competing epoxidation and dihydroxylation 
pathways, it is not suitable for application in synthesis at this stage but provides an 
important lead to the development of highly selective Mn-catalyzed dihydroxylation 
with H 2 2 in the future. 



10.6 

Alcohol Oxidation to Aldehydes 

As part of the common repertoire of synthetic methods, the selective oxidation of al- 
cohols to aldehydes holds a prominent position. A number of catalytic procedures 
have been introduced in recent years and the Ley system [NBu 4 ][Ru0 4 ]/N-methyl- 
morpholine oxide has proven to be particularly valuable in synthetic applications 
[98]. Selective catalytic aldehyde formation using H 2 2 as the terminal oxidant is 
highly warranted. The dinuclear Mn-tmtacn [79] and several in situ prepared com- 
plexes of Mn(OAc) 3 and tptn-type ligands turned out to be active and selective cata- 
lysts for the oxidation of benzyl alcohols as well as for secondary alcohols to the cor- 
responding carbonyl compounds [99]. Mn-complexes based on ligands 39-43 
(Scheme 10.17), show high activity and selectivity (TON up to 850, Table 10.7), de- 
pending on the ligand structure. Ligands 40 and 41, which contain a two-carbon 
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Scheme 10.17 Ligands used for the manganese-catalyzed alcohol 
oxidation 
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Tab. 10.7 Oxidation of selected alcohols with in situ prepared Mn-catalysts based on ligands 39 
and 43. 



Substrate 


TON" 
39 


Selectivity 


TON" 
43 


Selectivity 
(%)" 


Benzyl alcohol 


326 


95 


303 


99 


4-Methoxybenzyl alcohol 


201 


80 


291 


75 


4-Chlorobenzyl alcohol 


449 


99 


414 


99 


4-Trifluoromethylbenzyl alcohol 


329 


70 


258 


70 


4-Fluorobenzyl alcohol 


233 


90 


248 


70 


2,5-Dimethoxybenzyl alcohol 


90 


99 


63 


99 


Cyclohexanol 


363 


95 


593 


80 


Cycloheptanol 


849 


85 


688 


99 


1-Octanol 


108 


85 


46 


90 


2-Octanol 


680 


95 


480 


95 


sec-Phenylethyl alcohol 


657 


90 


715 


95 



a Turnover numbers after 4 h (TON) and selectivity (%) with ligands 39 and 43. 

spacer or three-carbon spacer and lack one pyridine compared with tptn, were found 
to form moderately active catalysts; however, long induction periods were observed. 

Using in situ prepared complexes based on ortho-methyl substituted ligands 42 
and 43, excellent results were found and, remarkably, the induction period was 
greatly reduced. A strong 16-line EPR signal was observed immediately after mixing 
ligand 43 with Mn(OAc) 3 , H 2 2 and substrate, which points to the involvement of di- 
nuclear species in the oxidation reaction. The catalyst based on the ligands with the 
three-carbon spacers show, in all cases, much higher reactivity (shorter induction 
period) than the two-carbon spacer analogues, probably connected with a faster for- 
mation of dinuclear species. The primary kinetic isotope effects (k H /k D ) for the Mn- 
catalyzed oxidation of benzyl alcohol and benzyl-d 7 alcohol observed are in the range 
of from 2.2 to 4.3. These values clearly indicate that cleavage of the benzylic C-H 
bond is involved in the rate-determing step [100]. It has been concluded that hydroxyl 
radicals are not involved in these processes, because owing to the high reactivity of 
these radicals a much lower isotopic effect would be expected [101]. Accordingly, no 
indications for hydroxylation of aromatic rings in various substrates have been 
found. At this point it has not been established which active species (e.g., high-valent 
Mn=0 or Mn-OOH) is involved in the selective aldehyde formation. 



10.7 

Sulfide to Sulfoxide Oxidation 

The selective catalytic oxidation of sulfides to sulfoxides has been a challenge for 
many years, not unexpected in view of the importance of sulfoxides as intermediates 
in synthesis [102]. The undesired sulfone is a common byproduct in sulfide oxida- 
tion using H 2 2 as oxidant and its formation has to be suppressed. Much effort has 
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been devoted to the development of catalytic methods for the preparation of optically 
active sulfoxides [102], following the pioneering reports by Kagan [103] and Modena 
[104], of high ee values (>90%) in sulfoxide formation using diethyl tartrate/Ti(Oi- 
Pr) 4 catalysts and hydroperoxides as oxidant [105]. 

Jacobsen applied manganese(III)-salen complexes for sulfide oxidation [57a]. It 
turned out that sodium hypochlorite was too reactive for the selective oxidation of 
sulfides but when employing iodosylbenzene as the oxygen atom transfer agent, no 
over-oxidation to sulfone was observed [106]. Disadvantages of iodosylbenzene are 
the poor solubility, low oxygen atom efficiency and high cost for practical application. 
By changing to H 2 2 high yields and identical enantioselectivities (34—68% ee) are 
also obtained compared with those using iodosylbenzene [106]. Using acetonitrile as 
solvent, 2-3 mol% of catalyst and 6 equiv. of oxidant the formation of sulfone was 
minimized [106]. Ligands with bulky substituents at the 3,3'- and 5,5'-positions re- 
sulted in the highest enantioselectivity (Scheme 10.18). The enantioselectivity for 
sulfoxide formation is in general lower than that observed for epoxidation using the 
same catalysts. para-tert-Butyl substituted 44 (R = 'Bu, Scheme 10.18) emerged as the 
most selective one for the oxidation of a variety of substrates. Mn-catalyzed com- 
plexes derived from ligands with electron-withdrawing substituents showed lower 
enantioselectivities, whereas para-nitro-substituted complex 44 (R = N0 2 ), did not in- 
duce asymmetric sulfide oxidation. 

(R.R)-catalyst O 

44-45 (2-3 mol%) i; 



6 equiv H 2 2 
CH 3 CN 



64-90% yield 
up to 47% ee 
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/=N N 
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Scheme 10.18 Manganese(lll) salen complexes for sulfide oxidation 
introduced by Jacobsen [106] 



Katsuki used related chiral manganese salen complexes, especially second-genera- 
tion Mn-salen 46, for sulfide oxidation [107]. This complex was found to serve as an 
efficient catalyst for the asymmetric sulfoxidation, however the less atom-efficient io- 
dosylbenzene was required as oxidant (Scheme 10.19). 

Recently, Katsuki and Saito reported that di-|]-oxo titanium complexes of chiral 
salen ligands serve as efficient catalysts for asymmetric oxidation of various sulfides 
using H 2 2 or the urea-hydrogen peroxide adduct as oxidants [108]. Enantioselectiv- 
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Scheme 10.19 Mn 1 " salen complexes for asymmetric sulfide oxidation 
reported by Katsuki [107c] 



ities as high as 94% were observed [108] and as an active intermediate a monomeric 
peroxo titanium species was proposed, based on MS and NMR studies [109]. 

A suitable Mn-catalyst for olefin or alcohol oxidation with H 2 2 might also be ef- 
fective in the oxidation of thioethers and, based on this expectation, Mn-tmtacn and 
a number of in situ formed complexes using tptn as ligand were screened as sulfide 
oxidation catalysts. These complexes indeed turned out to be highly active for sulfox- 
ide formation. For instance, the dinuclear manganese complex based on tmtacn per- 
forms efficiently in the oxidation of aryl alkyl sulfides and generally results in full 
conversion in 1 h. Unfortunately, in addition to the desired sulfoxide, the formation 
of sulfone was observed. Similar reactivity patterns were observed with manganese 
complexes based on tptn and tpen. Employing the novel ligand 47 (Scheme 10.20), 
slight over-oxidation to sulfone was observed [110]. With ligand 47, which combines 
structural features of tptn and salen ligands, over-oxidation to sulfone could be sup- 
pressed. The use of ligand 48, a chiral version of ligand 47, in the Mn-catalyzed sulf- 
oxide formation with H 2 2 resulted in yields ranging from 48 to 55 % with ee's up to 
18% [111]. 
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Scheme 10.20 Ligands with nitrogen and oxy- 
gen donor functionalities used in sulfide oxida- 
tion [110, 111] 



10.8 Conclusions 321 

10.8 
Conclusions 

Hydrogen peroxide is a particularly attractive oxidant and holds a prominent position 
in the development of benign catalytic oxidation procedures. In recent years a num- 
ber of highly versatile catalytic oxidations methods based on, for example, polyoxo- 
metalates[112], methyltrioxorhenium [113] or tungstate [4, 114] complexes in the pre- 
sence of phase transfer catalysts, all using hydrogen peroxide as the terminal oxi- 
dant, have been introduced. Mn-catalyzed epoxidations, aldehyde formation and sulf- 
oxidation with H 2 2 have emerged as effective and practical alternatives. In particu- 
lar, recently developed epoxidation catalysts, based on a combination of Mn-tmtacn 
and additives, have shown high activity and excellent selectivity in the epoxidation of 
a wide range of alkenes. Despite considerable progress in enantioselective epoxida- 
tion with Mn-salen systems using H 2 2 as oxidant, a general catalytic epoxidation 
method based on chiral Mn-complexes remains a highly warranted goal. Particularly 
promising are the findings that significant cis-dihydroxylation can be achieved with 
Mn-catalysts. These studies might provide the guiding principles to designing Mn- 
catalysts as an alternative to current Os-based chiral dihydroxylation systems. For in- 
dustrial application, further improvement with respect to hydrogen peroxide effi- 
ciency and catalytic activity is needed for most of the Mn-systems developed so far. 
The delicate balance between oxygen transfer to the substrate and hydrogen peroxide 
decomposition remains a critical issue in all of these studies. Other challenges in- 
clude the nature of the Mn-complexes in solution and the actual active species in- 
volved in oxygen transfer, the mechanisms of the Mn-catalyzed oxidations with hy- 
drogen peroxides and the key role of the additives in several cases. It is likely that de- 
tailed insight into these aspects of the catalytic systems developed recently will bring 
major breakthroughs in Mn-catalyzed oxidations with hydrogen peroxide. 
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Preface 



Oxidation reactions play an important role in organic chemistry and there is an in- 
creasing demand for selective and mild oxidation methods in modern organic synth- 
esis. During the last two decades there has been a spectacular development in the 
field and a large number of novel and useful oxidation reactions have been discov- 
ered. Significant progress has been achieved within the area of catalytic oxidations, 
which has led to a range of selective and mild processes. These reactions may be 
based on organocatalysis, metal catalysis or biocatalysis. In this regard enantioselec- 
tive catalytic oxidation reactions are of particular interest. 

Due to the rich development of oxidation reactions in recent years there was a need 
for a book covering the area. The purpose of this book on "Modern Oxidation Methods" 
is to fill this need and provide the chemistry community with an overview of some re- 
cent developments in the field. In particular some general and synthetically useful oxi- 
dation methods that are frequently used by organic chemists are covered. These meth- 
ods include catalytic as well as non-catalytic oxidation reactions in the science frontier 
of the field. Today there is an emphasis on the use of environmentally friendly oxidants 
("green" oxidants) that lead to a minimum amount of waste. Examples of such oxidants 
are molecular oxygen and hydrogen peroxide. Many of the oxidation methods dis- 
cussed and reviewed in this book are based on the use of "green" oxidants. 

In this multi-authored book selected authors in the field of oxidation provide the 
reader with an up to date of a number of important fields of modern oxidation meth- 
odology. Chapter 1 summarizes recent advances on the use of "green oxidants" such 
as H 2 2 and 2 in the osmium-catalyzed dihydroxylation of olefins. Immobilization 
of osmium is also discussed and with these recent achievements industrial applica- 
tions seem to be near. Another important transformation of olefins is epoxidation. 
In Chapter 2 transition metal-catalyzed epoxidations are reviewed and in Chapter 3 
recent advances in organocatalytic ketone-catalyzed epoxidations are covered. Cataly- 
tic oxidations of alcohols with the use of environmentally benign oxidants have de- 
veloped tremendously during the last decade and in Chapter 4 this area is reviewed. 
Aerobic oxidations catalyzed by N-hydroxyphtalimides (NHPI) are reviewed in Chap- 
ter 5. In particular oxidation of hydrocarbons via C-H activation are treated but also 
oxidations of alkenes and alcohols are covered. 
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VI Preface 



In Chapter 6 ruthenium-catalyzed oxidation of various substrates are reviewed 
including alkenes, alcohols, amines, amides, /^-lactams, phenols, and hydrocarbons. 
Many of these oxidations involve oxidations by "green oxidants" such as molecular 
oxygen and alkyl hydroperoxides. Chapter 7 deals with heteroatom oxidation and 
selective oxidations of sulfides (thioethers) to sulfoxides and tertiary amines to amine 
oxides are discussed. The chapter covers stoichiometric and catalytic reactions includ- 
ing biocatalytic reactions. Oxidations catalyzed by polyoxymetalates have increased in 
use during the last decade and this area is covered in Chapter 8. Oxidations with 
various monooxygen donors, peroxides (including hydrogen peroxide) and molecular 
oxygen are reviewed. Also, recent attempts to heterogenize homogeneous polyoxy- 
metalate catalysts are discussed. Chapter 9 comprises an extensive review on oxida- 
tion of ketones with some focus on recent advances in Baeyer-Villiger oxidations. 
Catalytic as well as stoichiometic reactions are covered. Finally, in Chapter 10 manga- 
nese-catalyzed hydrogen peroxide oxidations are reviewed. The chapter includes 
epoxidation, dihydroxylation of olefins, oxidation of alcohols and sulfoxidation. 

I hope that this book will be of value to chemists involved in oxidation reactions in 
both academic and industrial research and that it will stimulate further development 
in this important field. 

Stockholm, July 2004 Jan-E. Bdckvall 
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- secondary alcohols 236 
alcohols 133, 148, 165 
aldehyde formation 321 



aldehydes 144, 317 
aldimines 263 

- catalyst 263 
aldoximes 264 
alkane oxidation 120 
alkenes 165 
ds-alkenes 307 
trans-alkenes 307 
4-alkoxycarbonyl N-hydroxyphthalimide 

122 
alkyl hydroperoxides 207 
alkylarene oxidation 230 ff. 
alkylbenzene 125 
alkynes 234 
allylic oxidation 306 
alumina 97 

amides 165, 264, 272, 274, 276 
amine N-oxides 211,216 

- in coupled catalytic processes 216 

- in osmium-catalyzed dihydroxylation 
216 

amines 165, 234 

Amoco process 128 

Angeli's salt (sodium trioxodinitrate) 

259 
annamycin 171 
antioxidant 91 
aqueous phase 102 ff. 
aromatized flavin 213 
aryl alkyl ketones 275 

- oxidative rearrangement 275 
aryl diselenides 262, 269 

aryl formates 261 
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arylselenic acid derivatives 259 
asymmetric Baeyer-Villiger reactions 

270 
asymmetric dihydroxylation 1 ff. , 217 
asymmetric epoxidation 51 f., 170, 

303 f., 309 
asymmetric induction 303 
asymmetric N-oxidation 216, 301 
asymmetric sulfoxidation 198, 203, 207, 

210,319 
atom efficiency 295 
autodecomposition of oxone 61 
autooxidation 91, 103, 238f, 241f, 246 
2-azetidinones 180 
azide 274 

Baeyer-Villiger monooxygenases 209 
Baeyer-Villiger oxidation 137, 239 
Baeyer-Villiger reaction 61, 267 

- mechanism 267 
Beckmann reaction 272 
Beckmann-type fragmentation 264 
benzene 235 

benzoic acid 125 

benzoquinone 89, 92 

benzylamine 178 

biaryl chiral ketone 56 

bile acid based ketone 75 

BINOL 270f 

biocatalysts 209 

biomimetic dihydroxylation 217 

biomimetic model 106 

biphasic liquid/liquid systems 245 

- aqueous 245 

- fluorous 245 
2,2'-bipyridine 105, 109 
bipyridyl 167 
bleaching 298 

bovine serum albumin (BSA) 216 
BPMEN 44 
bromide 84, 113 
Bronsted acid catalysts 224 
BSA-catalyzed N-oxidation 216 
t-BuOOH 177, 184, 207 
t-butyl hydroperoxide see TBHP 
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carbapenems 181 
carbohydrates 83 

carbon radical producing catalyst 120 
carbon supports 246 
carbon-carbon bond cleavage 228 
carbon-carbon bond formation 147, 

179 
carbon-carbon side-chain fragmentation 

168 
carboxylation 139 
carboxylation of alkanes 139 
carboxylic acid 86, 91, 102, 105 
Caro's acid (peroxomonosulfuric acid) 

258 
catalase 296, 298 

- activity 306 

- mimics 297 
catalysis 223 

catalyst recovery and recycling 245 

catalysts 299 

catalytic amounts of chromium 256 

catalytic epoxidation 298 

catalytic oxidation 165, 321 

cationic silica 245 

cerium ammonium nitrate 145 

cetyltrimethylammonium sulfate 255 

CH 3 CN 166 

chemoselective hydroxylation 168 

chiral ammonium ketone 58 

chiral bisflavine 272 

chiral control element 55 

chiral dioxiranes 66 

chiral diselenide 272 

chiral flavins 203 

chiral hydroperoxide 233 

chiral ketones 53 

chiral oxazolidinone 75 

chiral salen complexes 198 

chlorates 

- in dihydroxylation 8 
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m-chloroperbenzoic acid 262 
chloroperoxidase (CPO) 209 
chromate 256 
chromium 83 
chromium(IV) 256 
cinchona alkaloids 

- in asymmetric dihydroxylation 1 ff. 
cis /trans isomerization 311 
cleaving of carbon-carbon double bonds 

165 f. 
cobalt 86,89,98,100,110 
co-catalysts 301, 307 f. 
construction of piperidine skeletons 

176 
Copper 105 ff. 
cortisone acetate 171 
coupled catalytic system 218 
m-CPBA 268 
Crieger adduct 267 
cumene hydroperoxide 132,207 
cyclic ketones 
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- cleavage of 266 
P-cyclodextrin-modified ketoester 76 
cyclododecanone monooxygenase 

(CDMO) 210 
cyclohexane 121, 140, 148 
cyclohexanone monooxygenase (CHMO) 

209 f, 216 
cyclohexyl trifluoroacetate 184 
cyclopentanone monooxygenase (CPMO) 

210 
cy stein derivatives 200 

Dakin reactions 261 

- mechanism 261 
decomposition of H 2 2 306 
dehydrogenative oxidation 173 
delignification 243 
4-demethoxyadriamycinone 171 
demethylation of tertiary methylamines 

176 
diazabicyclooctan (DABCO) 

- in dihydroxylation 9, 11, 17 
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dicarboxylic acids 266 
2,6-dichloropyridine N-oxide 124, 169 f, 

183 
diethylazo dicarboxylate 107 
difluoroketones 57 
1,2-dihaloalkenes 167 
a,a'-dihydroxy ketones 167 
dihydroxylation 

- AD-mix 2, 8 

- catalytic cycle 3f, 6, lOff 

- chemoselectivity 2ff, 10 ff, 13 f. 

- enantioselectivity 3ff, 8, 10, 13, 
15 f. 

- heterogeneous 12ff 

- homogeneous 2ff 

- ion exchange 15 

- liquid fluids 16 f. 

- turnover frequency 5, 8f, 16 
ds-dihydroxylation 166, 314ff, 321 
dihydroxylation with hydrogen peroxide 

216 
N,N-dihydroxypyromellitimide 123 
1,4-diisopropylbenzene 132 
diketone 136 
dimethyldioxirane 66 
dinuclear complexes 308 
dinuclear manganese center 296 
dinuclear species 318 
ds-diol 314 
vic-diol 136 
diols 

- by dihydroxylation 1 ff. 
a,a,-dioxaalkyl radicals 149 
dioxirane-olefin interaction 53 
dioxiranes 51, 194 
dioxygen 87 ff. 

"dioxygenase" type mechanism 244 

1,3-dithianes 264 

DMSO 101 ff. 

dynamic kinetic resolution 216 

early transition metal 88 ff. 
electrochemical and biochemical 
processes 259 
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electron transfer mediator 217 
electron-donating ligand 167 
enantioselection 303 
enantioselective 233, 309 
enantioselective hydroxylation 183 
enantioselectivity 301, 319 
epoxidation 21, 23, 28, 32, 61, 63 f., 136, 

167, 226, 295, 299, 301 f, 304 ff, 

311ff, 315f. 

- additives 24, 29 f, 32, 35, 38 

- asymmetric 23, 30, 43, 45 

- catalyst 60, 305 

- conjugated diene 64 

- conjugated enyne 65 

- trans-disubstituted olefins 63 

- 2,2-disubstituted vinylsilane 64 

- early transition metals 23 

- electron-deficient olefins 70, 73 

- enol ester 65 

- heterogeneous catalysts 27, 42 

- hydroalkenes 64 

- hydrogen peroxide 68 

- hyperogeneous catalysts 23 

- iron 44 

- manganese 28 

- trans- P-methylstyrene 61 

- molybdenum 23, 26 

- of olefins 51, 136 

- propargyl epoxide 65 

- rhenium 32 

- silyl enol ether 65 

- traws-7-tetradecene 62 

- trisubstituted olefins 63 

- tungsten 23 

- a,|3-unsaturated ester 70 
epoxides 298 

EPR 310,318 

esomeprazol 208 

ESR spectroscopy 243 

ether 144 

ether linked chiral ketones 55 



flavin hydroperoxide 201, 203, 213 
- in dihydroxylation 3f, 8 
flavine-type catalysts 269 
flavoenzymes 201, 206, 211 
fluorinated 1-tetralone 52 
fluoroketone 74 
oc-fiuorotropinone 59 
fluorous biphasic 101,109 
fructose-derived ketone 60, 68, 76 



glucose oxidase 211 
glucose-derived ketone 
green oxidations 295 



70 f. 



FADH 2 201 
flavin catalysts 
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haloform reaction 265 

- catalysts 266 

- hypohalites 266 
halogens 257 
N-halo-succinimides 257 
heterogeneous catalyst 310 
heteropolyacid 86 
heteropolyanion 99 
hexafluoroacetone 136 
hexafiuoro-2-propanol 195 
high throughput screening 45 
H 2 2 309,311,316 

- as the oxidant 199 

- -based sulfoxidations 202 

- decomposition 297, 313 

- disproportionation 296 

- efficiency 308, 313, 315 

- oxidation 201 

- oxidation of sulfides to sulfoxides 
196 

H 5 PV 2 Mo 10 4 o 240 ff. 

hydrazones 264 

hydroacylation 150 

hydroacylation of alkenes 150f. 

oc-hydrogen abstraction 176, 182 

hydrogen acceptor 173 

hydrogen peroxide 104, 111, 136, 172, 

177 f., 231, 234, 247, 254, 262, 268, 295, 

304, 321 

- catalysts 268 

- in dihydroxylation 2 ff. 
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hydrogen transfer reaction 173 
hydroquinone 173 
hydrotalcites 97 ff., 105, 110 
4-hydroxyacetophenone monooxygenase 

(HAPMO) 210 
hydroxyacylation 149 
hydroxyacylation of alkenes 149 
a-hydroxyalkyl radicals 134 
hydroxyapatite 98 
hydroxycarbons 165 
a-hydroxyketone 171 
a-hydroxy-y-lactone 148 
hydroxylation of adamantage 124 
N-hydroxyphthalimide 110 
a-hydroxy-y-spirolactone 148 
hypobromite 113 
hypochlorite 257 

IBX 259 

idarubicin 171 

iminium ion 176 

iminium ion ruthenium complex 

176 
immobilized catalyst 197 
immobilized Schiff-base ligands 

199 
impregnation 245 
o-iodooxybenzoic acid (IBX) 209 
iodosobenzene 209 
iodosylbenzene 172 
ionic liquids 32, 41, 89, 109, 175, 218, 

314 
iron 236 ff. 

- in dihydroxylation 2 ff. 
4-isopropylphenol 132 
isotope effects 244 
isotope labeling 231 

Jones reagent 256 

KAoil 121, 137 f. 
Kagan-Modena-procedure 208 
Keggin structure 224 ff. 
a-ketols 170 
ketone catalyst 54 
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ketone-catalyzed epoxidation 58 
Kindler modification of the Willgerodt 

reaction 276 
kinetic isotope effects 231, 318 
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- of secondary alcohols 175 
K 2 S 2 O g 178 

laccase 86 

lactames 275 

R-lactams 165, 262 

large-scale oxidation of sulfide 208 

layered double hydroxides (LDH) 27, 

197, 214 
LDH-WO4" catalyst 214 
Lewis acids 179, 269 
light sensitizer 

- in dihydroxylation 7 
LiNbMo0 6 199 
low-valent metal 87 ff. 

manganese 83, 86, 111, 113, 295 
manganese catalase enzymes 297 
manganese catalysts 295 
manganese complexes 311 
manganese porphyrin 299 
manganese selen 319 
manganese-salen 302, 304 
manganese-substituted polyoxometalate 

228 
maytenine 172 
MCM-41 27 
mechanism 87, 104, 110 

- dihydroxylation of olefins 2ff, 12 

- free radical 110 

mechanism of the Beckmann reaction 

273 
mechanism of the flavin-catalyzed 

oxidation 203 
mechanism of the Willgerodt reaction 

277 
mesoporous catalysts 269 
mesoporous silica 94 
metalloporphyrins 169 
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172, 178 
N-methylmorpholine- N-oxide see NMO 
N-methylmorpholine- N-oxide 94 
methyltrioxorhenium (MTO) 33, 35, 37, 

41,113,269 

- additive 37 

- co-catalysts 35 

- epoxidation catalyst 33,35 

- fiuorinated alcohol 41 

- in dihydroxylation 4 

- physical properties 33 

- preparation 33 

- pyrazole 37 

- pyridine 35 
migration rate 268 
mimics 311 
MMPP 268 

Mn catalysts 309, 320 

Mn-catalyzed epoxidation 302, 321 

Mn-catalyzed oxidation 318 

Mn-catalyzed oxidation of sulfides 197 

Mn-complexes 298, 316 

Mn-porphyrin 301 

Mn-salen 303 

MnS0 4 31 

Mn-tmtacn 310, 315 

Mn-tmtacr 307 

molecular oxygen 169 f, 174, 224, 

238 f, 268 
molybdenum 111,224 
mono-oxygen donors 226, 228 

- iodosobenzene 226 
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- N-oxides 227 
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- potassium chlorate 228 

- sodium hypochlorite 228 

- sulfoxides 230 
monooxygenase (FADMO) 201 
monooxygenases 209 

MSH 274 



n-n electronic repulsion 74 

NADPH 210 
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N-C bond scission of peptides 168 

NH 2 -0-S0 3 H 274 

nickel 110, 236 

nicotinic acid 130 

nitration 140 

nitric acid 259 

nitric oxide 144 

nitriles 262, 264 

nitrocyclohexane 140 

p-nitrotoluene 126 

nitrous oxide (N 2 0) 169 

NMO 

- in dihydroxylation 2 ff. 
noble metals 87, 103 
nucleophilicity 237 

2-octanone 134 
4-octyn-3-one 133 
olefins 

- in dihydroxylation 1 ff. 
omeprazol 208 

optically active sulfoxides 319 
orbital interactions 66 
organic peroxide 254 
organocatalysts 202 
organocatalytic oxidation 51 
osmium llOff 
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- in dihydroxylation 1 ff. 

- microencapsulated 13 
Os0 4 314 
overoxidation 320 
oxidants 22f, 39 

- alkyl hydroperoxides 22 
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39 
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23 

- hydrogen peroxide 22 
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- molecular oxygen 22 
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- urea/hydrogen peroxide (UHP) 35 
oxidation 165 

- catalysts 224ff. 
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- biocatalytic reations 209 
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- catalytic procedures 205 
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206 

- flavins as catalysts 200 

- haloperoxides 209 
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- hydrogen peroxide 194 

- ketone monooxygenases 210 
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- molecular oxygen 205, 210 
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- selective oxidation of allylic sulfides 
199 

- stochiometric reaction 194 
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- titanium catalysis 198, 207 

- transition metals as catalysts 196 

- vanadium-catalyzed 198 
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- aqueous H 2 2 213 
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- catalyzed by Cobalt Schiff-base 215 
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oxotransfer mediator 217 
oxyalkylation 147 
oxyalkylation of alkenes 147 
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oxygen 254 ff. 

- catalysts 254 

- in dihydroxylation 7 ff. 
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oxygen transfer 243 
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- complex 102 
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peptide Schiff-base 199 
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peracids 261, 264, 268 
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selenides 
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sodium chlorite 258 
sodium hydroxide 255 
sodium perborate 259 
sodium tungstate 24, 27 
sol-gel 246 
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spiro transition state 66 
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substituent effects 268 
a-substituted ketones 275 

- cleavage of 267 
sulfides 234, 237, 318 
sulfone 320 
sulfoxidation 142, 321 
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- of disulfide 194 
sulfoxide 318, 320 
sulfoxide formation 319 
superoxide dismutase 296 
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surface-mediated oxone 195 
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synthesis of antibiotics 180 

TBHP 
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vanadium-containing peroxidases 209 
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Venturello-type peroxo complex 
vicinal diols 234ff. 
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